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ABSTRACT 
Human serum albumin is a single chain multidomain protein which aids in the 
transport and metabolism of exogenous as well as endogenous ligands. X-ray 
crystallographic studies have shown that serum albumin consists of three structural 
domains encompassing the complete sequence, that assemble to form a heart-shaped 
molecule. Studies on chemically and enzymatically isolated domains have shown that 
these domains retain native like ligand binding properties and can form independent 
structural units capable of folding into stable tertiary structure. The protein undergoes 
revCTsible denaturation when exposed to conditions of extremes of pH, temperature, 
pressure and in chemical denaturants like SDS, urea and GdnHCl. On lowering the 
pH, the protein undergoes isomerization forming an T' form at around pH 4.0 and 
an 'E' form at around pH 2.5. The urea-induced denaturation of serum albumin is a 
two step process occurring through an intermediate state, however, the GdnHCl 
denaturation is found to be a single step process. This suggests the involvement of 
electrostatic interactions in the formation of intermediate state. The molten globule 
state, a general intermediate in the folding pathway of proteins formed under mild 
denaturing conditions, has not been characterized so far in serum albumin at low pH 
(-2.0). Further, anion-induced refolding of HSA has not been studied in detail. 
Keeping these issues in mind, I characterized the acid-denatured state of HSA at low 
pH (-2.0) in detail and studied the effect of various anions on this state by far-UV 
CD, near-UV CD, ANS fluorescence, intrinsic fluorescence, aciylamide quenching 
of tryptophan fluorescence, temperature transition and intrinsic viscosity 
measurements. Effect of neutral salts on urea-induced denaturation of HSA was also 
studied. 
Acid-induced denaturation of HSA as monitored by MRE measurements at 222 
imi showed a marked decrease in MRE, reflecting loss of secondary structure, in the 
pH range 4.0 to 2.1 which remained unchanged down to pH 1.8. A further decrease 
in pH (from 1.8 to 1.3) resulted in a second transition which corresponded to the 
formation of secondary structure. The acid-denatured state at around pH 2.0 had 
abundant secondary structure (42% a-helix). When the transition was followed by 
ANS fluorescence at 470 nm, fluorescence intensity increased gradually on 
decreasing the pH from 5.0 to 2.5 suggesting exposure of hydrophobic regions to the 
solvent. A further decrease to below pH 2.0 led to a decrease in ANS fluorescence 
which was indicative of the refolding of the molecule resulting in burial of 
hydrophobic patches. A comparison of near-UV and far-UV CD spectra of HSA at 
pH 2.0 with that of native and GdnHCl-denatured HSA shows that the acid denatured 
form retained quite a lot of secondary structure as well as a significant proportion of 
tertiary structure. Lowering the pH to 2.0 caused a blue shift of 12 nm and increase 
in fluorescence intensity, indicating internalization of tryptophan residue in a non-
polar enviroimtient which was otherwise located between the HA and UIA interface 
in the native state. This was further confirmed by the acrylamide quenching 
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experiments which showed that the lone tryptophan residue (Trp214) was more 
accessible to quenching by aciylamide in die native state than in die acid-denatured 
state. The temperature-induced unfolding of die native HSA at pH 6.0 as followed 
by far-UV CD at 222 nm and near-UV CD at 262 nm is a cooperative process. On 
die other hand, thermal transition of die acid-denatured state is a continuous non-
cooperative process. Intrinsic viscosity value, measured for the acid-denatured state 
was a litde more than twice that measured for the native state, but was considerably 
lower dian that of the GdnHCl-denatured state. Taken together, these results, i.e. 
presence of a high content of a-helical structure, higher magnitude of ANS binding, 
loss of cooperativity in the diermal transition and significant loss of tertiary structure 
but retention of compactness, suggest that HSA at pH 2.0 resembles die molten 
globule state as defined for other proteins. In view of previous results showing 
uncoiling of domain m on acidification, loss of secondary structure may be attributed 
to die unfolding of domain HI, whereas the retention of other properties similar to 
those of the native state can be ascribed to domains I and II. 
The effect of various anions (of acids and salts) on the acid-denatured state of 
HSA was studied by near-UV and far-UV CD, ANS binding, tryptophan 
fluorescence and diermal transition. Addition of different salts like, K4Fe(CN)6, 
K3Fe(CN)e, Na2S04, KCIO4 and KCl or acids like H2SO4, HCIO4, HCl, TFAH and 
TCAH to acid-denatured HSA at pH 2.0 caused an induction of the a-helical structure 
as evident fi^om die increase in the MRE value at 222 nm. However, die concentration 
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range of salts / acids required to bring about the transition varied greatly among 
different acids and salts. The effectiveness of various anions in inducing tiie helical 
structure, as deduced frmn the C„ value, was found to follow the series: ferricyanide 
> ferrocyanide > sulphate > trichloroacetate > perchlorate > trifluoroacetate > 
chloride. This series was similar to the electroselectivity series of anions towards the 
anion-exchange resins. The near-UV CD spectra showed that addition of salts to the 
acid-denatured state at pH 2.0 led to an increase in the MRE value which suggested 
the formation of tertiary structure. Addition of salt (KCIO4) to the acid-denatured state 
also produced a red shift of about 6 nm in the emission maxima from 328 nm to 334 
nm suggesting the change in the environment of tryptophan from apolar to polar in 
the presence of salt ions. Acrylamide quenching experiments showed a decrease in 
the value of Stem-Vohner constant for acid-denatured HSA in the presence of KCIO4 
compared to the one obtained with acid-denatured HSA, indicating lesser accessibility 
of the tryptophan residue for the quencher. Addition of salts/acids to the acid-
denatured HSA led to a loss of ANS binding sites exhibited by the decrease in flie 
ANS fluorescence intensity at 480 nm su^esting burial of hydrophobic patches. The 
effectiveness of various anions in inducing the transition at pH 2.0 followed the 
series: ferricyanide > ferrocyanide > sulphate > trichloroacetate > thiocyanate > 
perchlorate > nitrate > trifluoroacetate > chloride which was consistent with the series 
of ions in inducing transition studied by MRE measurements at 222 nm. Temperature-
induced transition of HSA at pH 2.0 in the presence of 40 mM KCIO4 showed 
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induction of cooperativity and the presence of an intennediate between temperature 
range 30-50 °C having abundant secondary structure. Taken together, fliese results 
suggest the refolding of acid-denatured HSA into a conformation lying in between the 
acid-denatured state and native state in the presence of various acids/salts. A 
comparison of the effects produced by acids and their corresponding salts, suggests 
that anions are most important which are common in each pair which seems 
reasonable in view of tfie positively charged state of protein at low pH. Effectiveness 
of these anions in inducing the folded state followed the electroselectivity series in 
which the selectivity depends on the net charge of tiie anion. 
The unfolding of HSA by urea was followed by far-UV circular dichroism 
(CD), intrinsic fluorescence and ANS fluorescence measurements. The urea-induced 
transition, which o&erwise was a two step process with a stable intermediate at 
around 4.8 M urea concentration as monitored by far-UV CD and intrinsic 
fluorescence, underwent a single step cooperative transition in the presence of 1.0 
M KCl. The fiee eneigy of stabilization (AAGD"2° ) in flie presence of 1 M KCl was 
found to be 1090 and 1200 cal/mol as determined by CD and fluorescence 
respectively. The salt stabilization occurred in the first transition (0-5.0 M urea) 
which corresponded to the formation of intermediate (I) state fi-om the native (N) 
state, whereas the second transition, corresponding to the unfolding of I state to 
denatured (D) state, remained unaffected. Urea denaturation of HSA as monitored 
by tryptophan fluorescence of the lone tryptophan residue (Trp214) residing in 
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domain II of the protein, followed a single step transition suggesting that domain I 
and/or ID is (are) involved in the intermediate formation. This was also confirmed by 
die acrylamide quenching of tryptophan fluorescence at S M urea which exhibited 
little change in the value of Stem-Volmer constant. ANS fluorescence data also 
showed single step transition reflecting the absence of accumulation of hydrophobic 
patches. The stabilizing potential of various salts studied by far-UV CD and 
intrinsic fluorescence was found to follow die order: NaC104 > NaSCN > Na 2SO 4 
> KBr > KCl > KF. A comparison of the effects of various potassium salts revealed 
Ihat anions were chiefly responsible for stabilizing HSA. The above series was found 
similar to the electroselectivity series of anions towards the anion-exchange resins and 
reverse of the Hofineister series suggesting diat preferential binding of anions to HSA 
radier dian hydration, was primarily responsible for stabilization. Further, single step 
transition observed witili GdnHCl can be ascribed to its ionic character as the free 
energy change associated with urea denaturation in the presence of 1.0 M KCl (5980 
cal/mol) was similar to that obtained with GdnHCl (5870 cal/mol). 
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ABSTRACT 
Human serum albumin is a single chain multidomain protein which aids in die 
transport and metabolism of exogenous as well as endogenous ligands. X-ray 
crystallographic studies have shown that serum albumin consists of three structural 
domains encompassing the complete sequence, that assemble to form a heart-shaped 
molecule. Studies on chemically and enzymatically isolated domains have shown that 
these domains retain native like ligand binding properties and can form independent 
structural units capable of folding into stable tertiaiy structure. The protein undergoes 
reversible denaturation when exposed to conditions of extremes of pH, temperature, 
pressure and in chemical denaturants like SDS, urea and GdnHCl. On lowering die 
pH, the protein undergoes isomerization forming an T ' form at around pH 4.0 and 
an 'E' form at around pH 2.5. The urea-induced denaturation of serum albumin is a 
two step process occurring through an intermediate state, however, the GdnHCl 
denaturation is found to be a single step process. This suggests the involvement of 
electrostatic interactions in the formation of intermediate state. The molten globule 
state, a general intermediate in the folding pathway of proteins formed under mild 
denaturing conditions, has not been characterized so far in serum albumin at low pH 
(-2.0). Further, anion-induced refolding of HSA has not been studied in detail. 
Keeping these issues in mind, I characterized the acid-denatured state of HSA at low 
pH (-2.0) in detail and studied the effect of various anions on this state by far-UV 
CD, near-UV CD, ANS fluorescence, intrinsic fluorescence, acrylamide quenching 
of tryptophan fluorescence, temperature transition and intrinsic viscosity 
measurements. Effect of neutral salts on urea-induced denaturation of HSA was also 
studied. 
Acid-induced denaturation of HSA as monitored by MRE measurements at 222 
ran showed a marked decrease in MRE, reflecting loss of secondary structure, in the 
pH range 4.0 to 2.1 which remained unchanged down to pH 1.8. A fiuther decrease 
in pH (from 1.8 to 1.3) resulted in a second transition which corresponded to the 
formation of secondary structure. The acid-denatured state at around pH 2.0 had 
abundant secondary structure (42% a-helix). When the transition was followed by 
ANS fluorescence at 470 ran, fluorescence intensity increased gradually on 
decreasing the pH from 5.0 to 2.5 suggesting exposure of hydrophobic regions to the 
solvent. A further decrease to below pH 2.0 led to a decrease in ANS fluorescence 
which was indicative of the refolding of the molecule resulting in burial of 
hydrophobic patches. A comparison of near-UV and far-UV CD specfra of HSA at 
pH 2.0 with that of native and GdnHCl-denatured HSA shows that the acid denatured 
form retained quite a lot of secondary structure as well as a significant proportion of 
tertiary structure. Lowering the pH to 2.0 caused a blue shift of 12 ran and increase 
in fluorescence intensity, indicating internalization of tryptophan residue in a non-
polar environment which was otherwise located between the HA and ULA interface 
in the native state. This was fiuther confirmed by the acrylamide quenching 
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experiments which showed that the lone tryptophan residue (Trp214) was more 
accessible to quenching by aciylamide in the native state th.an in the acid-denatured 
state. The temperature-induced unfolding of the native HSA at pH 6.0 as followed 
by far-UV CD at 222 nm and near-UV CD at 262 nm is a cooperative process. On 
the other hand, thermal transition of the acid-denatured state is a continuous non-
cooperative process, hitrinsic viscosity value, measured for the acid-denatured state 
was a Uttle more than twice that measured for the native state, but was considerably 
lower than that of the GdnHCl-denatured state. Taken together, these results, i.e. 
presence of a high content of a-helical structure, higher magnitude of ANS binding, 
loss of cooperativity in the thermal transition and significant loss of tertiary structure 
but retention of compactness, suggest fliat HSA at pH 2.0 resembles the molten 
globule state as defined for other proteins. In view of previous results showing 
uncoihng of domain HI on acidification, loss of secondary structure may be attributed 
to the unfolding of domain III, whereas the retention of other properties similar to 
those of the native state can be ascribed to domains I and H. 
The effect of various anions (of acids and salts) on the acid-denatured state of 
HSA was studied by near-UV and far-UV CD, ANS binding, tryptophan 
fluorescence and thermal transition. Addition of different salts like, K4Fe(CN)6, 
K3Fe(CN)6, Na2S04, KCIO4 and KCl or acids like H2SO4, HCIO4, HCl, TFAH and 
TCAH to acid-denatured HSA at pH 2.0 caused an induction of the a-helical structure 
as evident from the increase in the MRE value at 222 nm. However, Ae concentration 
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range of salts / acids required to bring about the transition varied greatly among 
different acids and salts. The effectiveness of various anions in inducing the helical 
structure, as deduced from the C„ value, v^ a^s found to follow the series, ferricyanide 
> ferrocyanide > sulphate > trichloroacetate > perchlorate > trifluoroacetate > 
chloride. This series was similar to the electroselectivity series of anions towards the 
anion-exchange resins. The near-UV CD spectra showed that addition of salts to the 
acid-denatured state at pH 2.0 led to an increase in the MRE value which suggested 
die formation of tertiary structure. Addition of salt (KCIO4) to the acid-denatured state 
also produced a red shift of about 6 nm in the emission maxima from 328 nm to 334 
imi suggesting the change in the environment of tryptophan from apolar to polar in 
the presence of salt ions. Acrylamide quenching experiments showed a decrease in 
die value of Stem-Vohner constant for acid-denatured HSA in the presence of KCIO4 
con:q)ared to the one obtained with acid-denatured HSA, indicating lesser accessibility 
of the tryptophan residue for the quencher. Addition of salts/acids to the acid-
denatured HSA led to a loss of ANS binding sites exhibited by the decrease in the 
ANS fluorescence intensity at 480 nm suggesting burial of hydrophobic patches. The 
effectiveness of various anions in inducing the transition at pH 2.0 followed the 
series: ferricyanide > ferrocyanide > sulphate > trichloroacetate > thiocyanate > 
perchlorate > nitrate > trifluoroacetate > chloride which was consistent with the series 
of ions in inducing transition studied by MRE measurements at 222 imi. Temperature-
induced transition of HSA at pH 2.0 in the presence of 40 mM KCIO. showed 
IV 
induction of cooperativity and die presence of an intemiediate between temperature 
range 30-50 °C having abundant secondary structure. Taken together, diese results 
suggest die refolding of acid-denatured HSA into a conformation lying in between the 
acid-denatured state and native state in the presence of various acids/salts. A 
comparison of die effects produced by acids and tfieir corresponding salts, suggests 
that anions are most important which are common in each pair which seems 
reasonable in view of the positively charged state of protein at low pH. Effectiveness 
of diese anions in inducing the folded state followed the electroselectivity series in 
which the selectivity depends on the net charge of the anion. 
The unfolding of HSA by urea was followed by far-UV circular dichroism 
(CD), intrinsic fluorescence and ANS fluorescence measurements. The urea-induced 
transition, i^ duch otherwise was a two step process widi a stable intermediate at 
around 4.8 M urea concentration as monitored by far-UV CD and intrinsic 
fluorescence, underwent a single step cooperative transition in the presence of 1.0 
M KQ. The free eneigy of stabilization (AAGi5"2° ) in the presence of 1 M KCl was 
found to be 1090 and 1200 cal/mol as determined by CD and fluorescence 
respectively. The salt stabilization occurred in the first transiticm (0-5.0 M urea) 
which corresponded to the formation of intermediate (I) state from the native (N) 
state, whereas the second transition, corresponding to the unfolding of I state to 
denatured (D) state, remained unaffected. Urea denaturation of HSA as monitored 
by tryptophan fluorescence of the lone tryptophan residue (Tip214) residing in 
domain II of flie protein, followed a single step transition suggesting that domain 1 
and/or ID is (are) involved in the intennediate formation. This was also confirmed by 
the acrylamide quenching of tryptophan fluorescence at 5 M urea which exhibited 
little change in the value of Stem-Volmer constant. ANS fluorescence data also 
showed single step transition reflecting the absence of accumulation of hydrophobic 
patches. The stabilizing potential of various salts studied by far-UV CD and 
intrinsic fluorescence was foimd to follow the order: NaC104 > NaSCN > Na jSO 4 
> KBr > KCl > KF. A comparison of the effects of various potassium salts revealed 
that anions were chiefly re^nsible for stabilizing HSA. The above series was found 
similar to the electroselectivity series of anions towards the anion-exchange resins and 
reverse of the Hofineister series suggesting that {neferential binding of anions to HSA 
rather than hydration, was primarily responsible for stabilization. Further, single step 
transition observed wiA GdnHCl can be ascribed to its ionic character as the fi^ee 
energy change associated with urea denaturation in the presence of 1.0 M KCl (5980 
cal/mol) was similar to that obtained with GdnHCl (5870 cal/mol). 
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fetoprotein (AFP) and human group-specific component (Gc) or Vitamin D-binding 
protein. It is relatively large multi-domain protein which, as the major soluble 
protein constituent of tfie circulatory system, has many physiological fimctions. 
Serum albumin, also known as plasma albumin was recognized as a principal 
component of blood as early as 1839 (Ancell, 1839). Originally, the protein was 
referred to as 'albumen', derived from the Latin word albus 'meaning white' after the 
white colour of flocculant precipitate produced by various proteins. Several excellent 
reviews (Foster, 1960; Peters, 1970; 1980; 1984; 1985; 1992; Kragh-Hansen, 1981; 
1990; Carter & Ho, 1994) and book (Peters, 19%) on serum albumin summarizing 
studies canied out on this protein have appeared in the last few decades. 
Fanctions of albaimn 
Albumin contributes 80% to colloid osmotic blood pressure (Lundsgaard, 
1986) and 100% of the protein effect in the acid-base balance of plasma (Figge et ai, 
1991). It acts as a carrier for long-chain fatty acids (Brodersen et al., 1991; Cistola 
& Small, 1991), dieir acyl Coenzyme A esters (Richards et al., 1990) and mono-acyl 
phospholipids (Robinson et ai, 1989) and affects the activity of lipases, esterases 
(Posner & DeSanctis, 1987; Wolfbeis & Gurakar, 1987) and carnitine acyltransferase 
(Richards et al., 1991). Albumin binds polyunsaturated fatty acids (Anel et al., 1989) 
and influences the stability (Haeggstrom et al., 1983), biosynthesis (Heinsohn el al., 
1987) and convenaon of prostaglandins (Dieter ei al., 1990). It also binds weakly to 
cholesterol (DeUconstantinos et al., 1986), bile acids (Malavolti et al, 1989), corticoid 
hormones (Mendel et al., 1990; Watanabe et al., 1991) and sex hormones (Pardridge, 
1988) and is involved in the transport of thyroid hormones (Mendel et al., 1990) and 
tryptophan (Herve et al., 1982) through reversible binding. It modulates the calcium 
ion stimulation of gluconeogenesis. It is also involved in the tran^wrt of pyridoxal 
phosphate (Fonda et al., 1991), cysteine and glutatfiione (Joshi et al., 1987) by 
forming a covalent linkage with these ligands. It hydrolyses substituted aspirins 
(Kurono et al., 1984), nitrophenyl esters (Kurono et al., 1979) and 
guanidinobenzoates (Ohta et al., 1988). The tight binding of bilirubin to albumin 
(Knudsen et al., 1986) prevents the passage of the former into die central nervous 
system in newborns (Esbjomer, 1991) and helps in its delivery to the liver for 
conjugation and excretion. It is also infused during exchange transfusion to prevent 
kemicterus in newborn infants. Albumin is responsible for the transport and 
storehousmg of many tiier^utic drugs in the blood stream (Lindiq), 1987). Albumin 
mio^o^heres are useful carriers of therapeutic agents (Morimoto & Fujimoto, 1985). 
Serum albumin is also used in peritoneal dialysis, in combating die harmful effect of 
antibiotics and as scavenger of toxic substances and free radicals (Holt et al., 1984). 
Albumin is an important constituent of tissue culture media (Barnes & Sato, 1980). 
It serves as a medium to support growth of microorganisms e.g. bacteria, fungi and 
yeasts (Callister et ai, 1990; Morrill et al, 1990). It provides physical support against 
mechanical sheer stress in culture by creating more favorable colloid osmolarity and 
viscosity conditions (Peters, 1992). Serum albumin has been used as replacement of 
blood and plasma for the growtfi of malarial parasites (Nayar et al, 1991). Albumin 
acts as a carrier for chemotactic factors and affects phagocytosis by leucocytes and 
macrophages (Echarti & Maurer, 1989). It interacts with cell membrane receptor and 
thus enhances die intercellular adhesion of die neuroretinal cells. Albumin is also a 
carrier for h^tens. DNP-HSA is often used to test the responsiveness of allergenic 
systems, such as release of histamine from mast cells (Levi-Schaffer et al., 1990). 
Albumin has also been used in preservation of tissues such as human kidney and rat 
liver (Hatzinger & Stevens, 1989; Hellmann et al, 1990). It has been found to support 
several enzymes and membranes. It may also stabilize an enzyme or support the 
reaction catalyzed by die enzyme. It stabilizes phosphoribosyl pyrophosphate 
synthetase and aminopeptidase and accelerates fatty acyl Coenzyme A incorporation 
into glycerol phosphates. 
Albumin because of its low cost, reproducible quality and availability in purest 
form has been used as a standard for assays of total protein by the method of Lowry 
et al. (1951), biuret and coomassie blue procedures for many decades. It is also used 
in die standardization of other types of analysis as well. It is used as a reference for 
gel electrophoresis, diffusion techniques, sedimentation in ultracentrifugation 
(Szabolcs & Francia, 1989) and in bilirubin determination as a candidate reference 
material. Fnictosamine-albumin serves to standardize protein-bound fructose assays 
(Podzorski & Wells, 1989) and sialyllacto-N-fiicopentaose-HSA is employed as a 
standard to assay tumor-associated antigens (Masson et ai, 1990). 
Genetics 
The conq)lementaiy DNA molecules (cDNAs) for albumin mRNAs of several 
species have been cloned in E.coli and Ifaeir nucleotide base sequences determined. 
The human albumin gene contains nearly 17000 nucleotides (Minghetti et al., 1986), 
which split into 15 exons by 14 intervening sequences (introns). In man, there is a 
single copy of die albumin gene, situated on die short arm of chromosome 4, at 4ql 1-
22 (Kumit et al., 1982). It Ues 14.5 Kbases 5' to (upstream of) (Urano et ai, 1984) 
the gene for a-fetoprotein (Minghetti et al., 1983) and adjacent to the gene for 
vitamin D-binding protein (Gc globulin) (Cooke et al., 1986). 
The 15 exons created by these 14 introns are designated by the letters 
'ZABCDEFGHUKLMN'. The leader exon, Z, contains die 5'-untranslated portion of 
albumin mRNA, including die initiation and capping sites and encodes the 18-residue 
signal peptide, the 6-residue propeptide and die first 2 1/3 residues of the albumin 
chain (Peters, 1985). Domains I, n and III are encoded by exons 'ABCD', 'EFGH' 
and 'UKL' respectively. C-terminal end and the termination codon are encoded by 
exon 'M'. Polyadenylation site and 3' terminus of the gene resides in exon N. The 
'TATA box' hes in the 5' r^on at position - 32, downstream fi-om the 'CAT box' at 
position -88. Anotiier 'TATA box' lies at position -793 (Minghetti et al., 1986; 
Urano et al., 1986). 
Biosynthesis 
The synthesis of albumin in mammals takes place in the liver (Peters & 
Anfinsen, 1950). Albumin mRNA contains about 2080 base pairs of which 39 
precede the F-Met initiation codon and 210 follow the translation termination codon 
including a 24 base pairs long poly (A) stretch. About 19 ribosomes are attached to 
one albumin mRNA forming a large polysome. Signal peptide, a stretch of 18 
residues, is the first translated sequence which directs the growing peptide chain 
through die membrane of endoplasmic reticulum before being cleaved off even before 
the completion of the RNA translation. Folding and formation of 17 disulphide bonds 
takes place immediately after the emergence of peptide chain into the lumen of 
endq)lasniic reticulum (Peters & Davidson, 1982). The newly formed albumin called 
'proalbumin' contains a stretch of a basic hexapeptide (Arg-Gly-Val-Phe-Arg-Arg) 
attached to its amino terminal end (Urban et al., 1974). This leader peptide guides the 
polypeptide chain from endoplasmic reticulum to Golgi complex for proteolytic 
processing and secretion (Judah, 1983). The leader hexapeptide is cleaved in the 
Golgi conq)lex (secretory vesicles) before the release of albumin fi-om the cell in its 
biologically active form. 
Dbtribudon and turnover 
Serum albumin is located in every tissue and bodily secretions. About 40% of 
the total albumin is found in the circulatory plasma (Peters, 1992) whereas remaining 
60% resides about half in viscera and half in muscle and skin (Rabilloud et al.. 
1988). Albumin has also been recognized in milk (Phillippy & McCarthy, 1979), 
amniotic fluid (Bala et al., 1987), semen (Blumsohn et al, 1991) and mammary cysts 
(Balbin et al, 1991). The albumin concentration in plasma in an average person is 
about 35-50 g/L, which declines slightly with age (Cooper & Gardner, 1989) and is 
lower in newborns (Cartlidge & Rutter, 1986) and as low as 20g/L in premature 
infints (Reading et a/., 1990). Albumin is produced by the liver at a rate of 0.7 mg / 
g liver per hour (Peters, 1985). About 4-5% of albumin is replaced by hepatic 
synthesis daily (Olufemi et al., 1990). The turnover is first order with an average 
half-life of 19 days (Waldmann, 1977). The albumin concentration in plasma is 
maintained through transcriptional control of the albumin gene by the anabolic 
hormones, insulin and somatotropin (Hutson et al., 1987). Albumin synthesis is also 
highly dependent upon the supply of dietary amino acids (Kaysen et al., 1989). 
niysico-chemiad properties 
Physico-chemical properties of human serum albumin are summarized in Table 
1. The molecular weight of albumin is less than that of most of the other plasma 
proteins. The value obtained fixnn the physical data i.e. 69,000 (Charlwood, 1961) for 
human senim albumin was found to be litde higher than die value 66,438 calculated 
from die complete amino acid sequence (Dugaiczyk et al., 1982). This value was 
corrected to 66,605 ± 7 as determined from electrospray ionization mass spectrum of 
HSA (Loo et al, 1991). The X-ray crystallographical studies (He & Carter, 1992) 
revealed die structure of HSA to be a heart shaped molecule that can be approximated 
Table 1 
Physico-chemical properties of human sermn albmnin 
Property 
Molecular weighf 
Number of residues 
E '^^ at 280 rnn 
a-helix, (%) 
P-tum, (%) 
Sedimentation coefficient, S^ jo,* (S) 
Diffusion coefficient, D°2o,w (dcmVs) 
Partial specific volume (cmVg) 
Intrinsic viscosity, [ii] 
Molecular dimensions'* 
Equilater triangle 
side (A°) 
depth (A») 
Molecular volume*" (A")^  
Molecular surface area (A^f 
Isoelectric point 
defatted 
fatted (1-2 fatty acids) 
Radius of gyration** (A°) 
Value 
66,439 
585 
5.30 
-65 
-10 
4.5x10'' 
6.0 X 10' 
0.733 
0.042 
80 
30 
88248.9 
28202.1 
-5.3 
-^.7 
26.7 
Reference 
Peters (1985) 
Peters (1985) 
Pace e/a/. (1995) 
Pearson (1990) 
Carter & Ho (1994) 
Ondeyetal. (1947) 
Oncleyeffl/. (1947) 
Charl wood (1961) 
Charlwood(1961) 
Carter* Ho (1994) 
Carter & Ho (1994) 
Carter&Ho(1994) 
Carter & Ho (1994) 
Carter & Ho (1994) 
* Calculated from the amino acid composition (Table 1). 
* Calculated from the atomic coordinates of HSA (He & Carter, 1992). 
to an equilateral triangle with sides of -80 A° and a depth of ~30 A". Therefore, 
under neutral conditions of pH, it has an axial ratio of approximately 2.66 which is 
in agreement with the value of 3.0 based on studies of dielectric and birefringence 
relation times (Moser et al., 1966). The solvent-accessible surface and molecular 
volume of HSA are 28,202 A"^  and 88,249 A"^  respectively, calculated using the 
molecular coordinates and the algorithm of Richards (1985). The radius of gyration 
of HSA is 26.7 A°, similar to the value (26.4 A") of hydrodynamic radius of HSA 
(rotational) measured by light scattering and electron spin resonance (ESR) 
(Cannistraro & Sacchetti, 1986). The albumin structure is predominantly a-helical. 
i^ >pF0ximately, 67% of HSA is helical with die remaining polypeptides occuring in 
turns (-10%) and extended or flexible regions between subdomains (-23%) (Carter 
& Ho, 1994). Hydrodynamically, HSA shows a sedimentation coefficient, S\^ of 
4.5 X 10 -" S, diffusion coefficient, D^w of 6.0 x 10 "^  cm Vsec (Oncley et al., 1947) 
and partial specific volume of 0.733 cc/g (Giarlwood, 1961). The intrinsic viscosity 
of the protein has been measured as 4.2 cc/g (Charlwood, 1%1). Defatted albumin 
has an isoelectric point of-5.3 whereas ~4.7 for fiitted HSA. At physiological pH, the 
calculated net charge is -15 (Peters, 1985). High charge on the protein molecule is 
responsible for its high solubility in water and a solution as concentrated as 30% 
(wAr) can be prepared (Peters, 1985). Spectral properties of HSA has been extensively 
reviewed (Peters, 1992). The specific absorption coefficient, E^\^ at 279 mn is 5.31 
for HSA (Edwards et al., 1969). 
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Structural organization 
Amino acid composition 
Table 2 shows die amino acid composition of human senmi albumin. HSA 
contains 585 amino acid residues in a single polypeptide chain (Lawn et al., 1981; 
E)ugaic2yk et al., 1982). It does not contain any caibohydrate or any other non-protein 
moiety. It is characterized by a low content of methionine and glycine and contains 
only a single tryptophan (Peters, 1985). It has high content of cystine and charged 
amino acids, aspartic and glutamic acids, lysine and argjnine (see Table 2) (Brown 
& Shockley, 1982). It contains 17 disulphide bridges and one free thiol group 
(Cys-34). 
Primary structure 
The 17 disulphide bridges of HSA are characterized by a unique arrangement 
of disulfide double loops that repeat as a series of triplets. They are arranged in a 
series of nine loop-link-loop structures centered around eight sequential Cys-Cys 
pairs (Figure 1). The conformations of the disulphides are primarily gauche-gauche-
gauche (CP1-S1-S2-CP2) with torsion angles clustering around ± 80° (He & Carter, 
1992). The repeatation of these loops in a triplet fashion of large-small-large can 
ffoup fliese loops into diree homologous domains (I, II & IE) comprising of residues 
1-190, 191-382 and 383-585 in die primary sequence of HSA (Brown, 1977). The 
sequence homology between these domains is 18-25% (Brown, 1977). The charge 
Table 2 
Aimiio add composition of human serum albumin' 
Amino acid 
Alanine 
Valine 
Leucine 
Isoleucine 
Proline 
Phenylalanine 
Tiyptophan 
Mediionine 
Cysteine 
Glycine 
Threonine 
Serine 
Tyrosine 
Aq[)artic acid 
Aq)aragine 
Glutamic acid 
Ghjtamine 
Lysine 
Arginine 
Histidine 
Total 
Number of nitrogen atoms 
Calculated net charge, pH 7.0 
Average residue wei ight 
Residues per mole 
62 
41 
61 
8 
24 
31 
1 
6 
35 
12 
28 
24 
18 
36 
17 
62 
20 
59 
24 
16 
585 
786 
-15 
113.57 
• Taken firan Peters (1985). 
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Figure 1. lUustration of the loop-link-loop pattern in the primary structure of 
serum albumin. The three domains (I, II and III) are shown. (Adapted from 
Carter & Ho, 1994). 
distribution of HSA at neutral pH for domains I, II and III are -9, -8 and +2 
respectively (Peters, 1985). From the observations of these loops and other 
homologies. Brown (1977) and McLachlan & Walker (1977) deduced that albumin 
has evolved from smaller proteins, one third or even one ninth of the present size by 
gene fusion. High percentages of sequence homologies have been found among 
different albumins being 76% between HSA and BSA (Peters, 1985); 76% between 
ESA and HSA; 73% between ESA and BSA; 76% between ESA and RSA (Ho et al., 
1993); 61% among BSA, RSA and HSA (He & Carter, 1992). About 50% conserved 
residues are found in all known albumin sequences (Carter & Ho, 1994). 
X-ray structure 
The three dimensional structure of HSA has been determined 
ciystallographically to a resolution of 2.8 A° by He and Carter (1992). The albumin 
molecule contains three homologous domains (I, II & m) that ensemble to form a 
heart shaped molecule. Each domain in turn is the product of the subdomains A and 
B (lA and IB) vsliich are extensively cross-linked by disulphide bridges. There are 10 
principal heUces in each domain, hl-h6 for subdomain A and h7-hl0 for subdomain 
B. On superimposing a-carbons of the individual domains of HSA, an average root-
mean-square (RMS) difference between a-carbons of 3.77, 4.32 and 3.63 A° was 
obtained for domains I-II, I-in and E-III respectively. Furflier, the six subdomains 
share a common helical motif which corresponds to the amino acids encompassed 
within the double disulphide loops 1,3,4,6, 7 and 9 wherein each motif is related by 
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a pseudo twofold axis (1:168°, II: 163°, III: 171°) as shown in Figure 2 (Carter & Ho, 
1994). The RMS distances between the corresponding a-carbons of the common 
motifs of subdomains A and B are 2.47 A°, 2.53 A° and 2.60 A ° for domains I, n and 
ni respectively. Distinct differences between subdomains A and B also exist. The A 
subdomains supplement the three-helix bundle on the C-tenninal side with an 
additional but smaller disulphide double loop (loops 2, 5, and 8) to form a anall 
globin-like fold tiiat is extensively cross-linked by four disulphide bridges. The B 
subdomains supplement the helical motif on the N-terminal side with a 
conformationally extended polypeptide to create a folding topology that closely 
resonbles a simple up-down helical bundle. Subdomains A and B assemble through 
hydrophobic helix packing interactions primarily involving li2, h3 and h8. 
Additionally, the subdomains are linked together by a presumed flexible extension 
of polypeptide encompassing residues LySjoe—Glu,,,, GIU292—Val 3,5 and Glu 492— 
-Ala 5,1 in die domains I, n and in respectively. £)omains I-II and n-DI in turn are 
connected dirough extensions of hi 0(1) - h 1(11) and hi 0(11) - hi (IE) respectively 
creating die two longest helices in HSA. The actual number of helices in HSA is 
tiierefore 28 rather than 30 (Carter & Ho, 1994). 
Heterogeneity 
Heterogeneity is exhibited by albumin molecules even in highly purified 
preparations in detection systems of high resolution. This may arise due to protein-
protein association (Giuliani et al., 1981), ligand binding (Ghiggeri et al., 1987), 
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Figure 2. Cylindrical representation of a typical domain (11) structure 
showing the relationship between the helices hl-h4 of subdomain A and h7-
hlO of subdomain B by a pseudodiad. (Adapted from Carter & Ho, 1994) 
conformational isomerization (Rosenoer et al, 1977) and/or modification of its amino 
acid side chains (Meucci et al, 1991). Franglen (1974) has classified the 
heterogeneity as microheterogeneity and macroheterogeneity. Macroheterogeneity 
involves the formation of dimers, oligomers or polymers of albumin (Friedli and 
Kisder, 1970, Barnes et al, 1974) whereas microheterogeneity may arise due to the 
difference in the amount of bound ligands such as lipids, bilirubin and other 
metabolites and drugs (Anderson, 1969, Valmet, 1970). 
Ligand binding properties 
The most outstanding property of serum albumin is its ability to bind a variety 
of endogenous and exogenous ligands. These ligands represent a spectrum of 
chemically diverse molecules including fatty acids (Spector, 1986), bilirubin 
(Brodersen, 1979; Tayyab & Qasim, 1987), hematin (Beaven et al, 1974), amino 
acids like tryptophan (SoUene et al, 1981), hormones like progesterone (Westphal 
& Harding, 1973) and testosterone (Vermeulen & Verdonck, 1968); metal ions like 
Ca"* (Fogh-Andersen, 1977), Cu'^  (Lau et al, 1974) and Ni^ (Callan & Sunderman, 
1973) and several drugs which include ibuprofen (Whitlam et al, 1979), 
indomethacin (Hultmark et al, 1975), chlorpromazine (Sharpies, 1975), diazepam 
(Muller & Wollert, 1973) etc. Albumin binds several organic dyes which include 
phenol red (Rodkey, 1961), bromocresol green (Peters, 1982), bromophenol blue 
(Tayyab & Qasim, 1990a), congo red (Tayyab &. Qasim, 1990b) and l-anilino-8-
naphthalene sulphonate (ANS), a hydrophobic dye (Varela et al, 1992). Most of 
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these ligands bind reversibly with an association constant of 10^  to 10* M' (Peters, 
1985; Carter & Ho, 1994). 
Isomerization 
Luetscher in 1939 first showed major reversible conformational isomerization 
of albumin with changes in pH. Foster studied these earlier observations in much 
greater detail (Foster, 1960; 1977) and classified (see Figure 3) the pH dependent 
forms as 'N', for normal form, which is predominant at neutral pH; 'B', for basic 
form occurring above pH 8.0; 'F', for fast migrating form at pH values less than 4.0; 
'E', for expanded form at pH less than 3.5 and 'A', for aged form existing with time 
at pH values greater than 8.0. Most of these isomerizations have been studied with 
BSA, but they apparently occur in a similar fashion with HSA. 
(a) 'F ' form: This form was recognized by Foster in 1957 who demonstrated that the 
abrupt discontinuity in titration of BSA with HCl where about 40 carboxyl side 
chains become titrable (Tanford, 1952) at pH 4.0-4.5 coincided with the appearance 
of a faster migrating or 'F' form, as seen on gel electrophoresis at pH 3.0-4.0 (Aoki 
& Foster, 1957). Geisow & Beaven (1977) proposed that N'^ F transition involved the 
unfolding of domain HI fi-om the rest of the molecule which was later verified by 
Khan (1986) using proteolytic fragments of BSA containing residues 377-582 (Peters 
& Feldhoff, 1975) whereas no conformational changes were found to occur in the 
fiagment containing domains I & II during the N'^F transition (Khan & Salahuddin, 
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Figure 3. Ribbon diagrams of senim albumin representing its 'N', 'F' and 'E' 
forms. (Adapted from Carter & Ho, 1994). 
1984). Hydrodynamic properties such as sedimentation rate, diffusion constant and 
intrinsic viscosity show that the 'F' form is longer and increasingly asymmetrical 
(Figure 3) (Carter & Ho, 1994). Ultrasonic absorption and velocity spectra (Choi et 
al., 1990) exhibited a relaxation frequency near 200 kHz attributed to the expansion 
of the molecule. In addition to the availability of 40 carboxyl groups to titration, 3 to 
5 tyrosyl side chains become unmasked (Herskovits & Laskowski, 1962; Steinhardt 
et al., 1971). There is a loss of about 12 binding sites for SDS (Foster, 1960) and a 
40-50% increase in ANS binding (Foster, 1960). Hehcal content decreases from about 
55% to 45% as judged by CD (Era et al., 1983). Carter & Ho (1994) proposed that 
N'^F transition led to the separation of the two halves of tiie molecule, domains I + 
IIA and domains IIB + III from each other under mild acidic conditions. These two 
halves are held together by both hydrophobic and salt bridge interactions. Mir & 
Qasim (1986) have suggested that interaction of albumin with nearby companion 
albumin molecules reduces the onset of isomerization. 
(b) 'E'fomi: AtpH values below 3.5, a further unfolding occurs until about pH 2.5, 
leading die molecule to an expanded form constrained by its disulphide bonds. This 
was termed as 'E', or expanded form by Foster (1960). Acid expansion is fully 
reversible. At pH 1.7, the intrinsic viscosity increases markedly indicating a change 
in molecular size as axial ratio also increases from 4.0 to 9.0 (Harrington et al., 1956). 
The molecule ^ jpears like a chain of globules about 21 x 250 A° in size as seen under 
electron microscope (Slayter, 1965). The helical content decreases from 45% to 35% 
18 
(Peters, 1985). Era et al. (1983) have shown higher helicities, a decrease from 73% 
to 65% in N'*? transition and from 65% to 52% in F'^ E transition. Increase in ionic 
strength leads to a decrease in acid expansion of the molecule indicating the 
involvement of ionic forces. Since all carfooxyl groups are protonated under diese 
conditions, protonation of basic amino acid side chains leads to mutual repulsion 
between domains and subdomains of tiie molecule. The positive charge is distributed 
uniformly along the structure; total charges of+34, +36 and +32 are found on BSA 
domains I, n and III respectively (Peters, 1996). 
(c) *B' form: At pH 9.0, albumin undergoes another conformational change to a 
basic ^B' form. Based on UV difference spectral results at 287 nm, albumin shows 
increased exposure of some tyrosine residues (Williams & Foster, 1959) in the pH 
range 7.0 to 9.0. Tryptophan fluorescence and rotatory relaxation time exhibit litde 
change (Peters, 1996). Small reduction (10%) in a-helical content and gain (8%) in 
P-structure has been found using CD data (&a et al., 1990). The fluorescent dye ANS 
shows a decrease in rotat(ny relaxation time from 131 to 114 nanoseconds (Era et al., 
1990). 
(d) *A* fonn: 'A' form or 'aged' form is formed when the albumin is left at pH 9.0 
for 3-4 days in salt free solution (Sogami et al., 1969). The 'A' form is characterized 
by a slower electrophoresis migration rate and by decreased solubility in 3 M KCl 
(Nildcel & Foster, 1971). It has been shown to be die result of a sulphhydryl catalyzed 
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disulphide interchange reaction (Era et al., 1990). Blocking of the thiol group with 
iodoacetamide prevents the formation of 'A' form. 
Denaturation 
Owing to its role as a model protein, tiiere is extensive literature concerning 
the behaviour of albumin under a variety of conditions. These conditions include 
exposure of native albumin to extremes of pH, temperature, pressure and chemical 
denaturants. The latter includes urea and its derivatives, GdnHCl, sodium dodecyl 
sulphate and organic solvents such as 2-chloroethanol, dioxane and propyl alcohol. 
The denaturation of serum albumin is reversible (Wallevik, 1973; Aoki, et al., 
1974, Reisler et ai, 1977) as indicated by die capacity of refolded protein to bind 
specific antibodies, bilirubin and palmitate (Teale & Benjamin, 1977; Wichman et 
al., 1977, Chavez & Benjamin, 1978; Johanson et al., 1981). Denatured albumin 
molecule with reduced disulphide bonds is c^)able of regaining its native structure 
after removal of the denaturants by slow oxidation of its thiol groups to disulphide 
bonds (Chavez & Benjamin, 1978; Johanson et al., 1977; Teale & Benjamin, 1976; 
1977; Wichman et al., 1977). Albumin can withstand 8 M urea or 6 M GdnHCl even 
at 44°C with temporary loss of helix without any obvious harm (Tanford, 1%8). 
However, prolonged or repeated heating or exposure to alkali causes dimerization, 
unfolding and eventual aggregation. Polymerization and loss of helix occurs in less 
than 1 minute when the {n-otein is exposed to 65 "C at pH 9.0 (Aoki et al., 1973). 
The process may involve disu^hide-bonded loops and/or domains (Aoki et al., 1973; 
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Brandt & Andersson, 1976; Wallevik, 1976; Wetzel et ai, 1980) and can be 
prevented or delayed by alkylation of the free thiol group. Fatty acid free albumin 
tends to aggregate more promptly than fatted albumin. (Brandt & Andersson, 1976, 
Shrake et al, 1984). Acid-induced denaturation of albumin has been discussed under 
the subtitle 'isomerization'. Effect of solvent and heat on protein conformation is 
described here. 
a) Solvent: The most commonly used chemical denaturants urea and GdnHCl 
denature proteins when present in high concentration by weakening hydrophobic as 
well as polar interactions (Dill & Shortle, 1991). They make water to act as a better 
solvent for nonpolar residues and conq)ete directly for hydrogen bonds. The albumin 
denaturation by urea and GdnHCl has been studied by a number of workers 
(Kauzmann & Simpson, 1953; McKenzie er a/., 1963; Katz, 1968; Wallevik, 1973; 
Katz et al, 1973; Aoki et a/., 1974; Kawaguchi & Matsushita, 1974, Lapanje & 
Skerjnac, 1974; Taylor etd., 1975; Reisler etcd., 1977; Wallevik, 1971; Khan et al, 
1987). Little changes occur in albumin molecule below 4 M urea concentration 
(Khan et al, 1987) or 1.8 M GdnHCl (Katz et al, 1973; Wallevik, 1972; Aoki et al, 
1974) followed by stepwise changes upto about 8 M urea which includes a rapid 
initial change followed by molecular e?q)ansion (ChmeUk et al, 1988). The mid point 
of the optical changes (Chmelik et al, 1988) and viscosity increase is about 6 M and 
5 M urea respectively. The maximum change in reduced viscosity is from 0.14 to 
0.20 at pH ~ 5 and doubling of intrinsic viscosity is not attained until 8.0 M urea and 
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near pH 10. The S-S bond cleavage by Aiol reagents increases gradually with 
increasing concentration of urea and the full reduction of tfie 17 bonds is achieved in 
8 M urea at pH 5.0. 
Earlier studies on serum albumin have established that a stable intermediate 
exists during urea denaturation (Aoki, 1973; Franglen, 1974; Brandt & Andersson, 
1976; Peters, T. Jr., 1985; Khan et al, 1987). However, guanidine hydrochloride 
denaturation of HSA has been shown to be a single step process with no intermediate 
state (Wallevik, 1973). Khan et al. (1987), on the basis of tfieir fluorescence data of 
the large fragment (domains II + III) of BSA have proposed tiiat changes with urea 
occur first in the more loosely folded domain HI indicating an unfolding or separation 
of its subdomains at about 4 M urea accompanied by minor changes in domain n. It 
may be noted that this is the same molecular region in which the N^^ F transition 
occurs at pH 4.0 (see isomerization section). 
The effect of 8 M urea or 4 M GdnHCl (pH 5.0, 25 °C for upto 5 days) on 
BSA has been shown to be completely reversible by viscosity, heUcal content and 
nonavailability of S-S bonds for reduction. Albumin dissolves readily in many organic 
solvents at low pH acccnnpanied by molecular e7q)ansion which returns to native state 
on removal of the solvent whereas at neutral pH, albumin undergoes aggregation in 
etfaanol \^ch may be protected by blocking the thiol group (Peters, 1996). Less polar 
organic solvents that are miscible with water denature the albumin molecule. Anionic 
detergents like sodium dodecyl sulphate denature the albumin and increase 
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accessibility of S-S bonds to reduction. Cationic deteigents can also increase S-S 
exchange. 
(b) Heat: The albumin molecule can tolerate high temperature. Irreversible loss of 
hehcal content and polymerization occur when the albumin molecule is e7q)osed for 
1 minute to 65"C at pH 9.0 (Aoki et al., 1973) or exposed to 8 M urea at 44 C 
(Tanford, 1%8). A loss of a-helix (61% to 44%) and a gain of p-stracture (from 6% 
to 16%) occur between 62 °C and 75 °C as judged by CD, infrared and laser Raman 
studies (Peters, 19%). The availability of S-S bonds increases from 5% at 60 "C to 
47% at 100 °C. The protein is sensitive to the time of exposure at high temperature. 
Effects of heat upto 45°C (Takeda et al., 1989) or to 20% of maximal denaturation 
(Wetzel et al., 1980) are fiilly reversible >^ereas 60% reversibility is found after 
exposure to 80°C. Temperature-induced aggregation is sensitive to die protein 
concentration as T„ for intramolecular helix is S°C lower at 0.50 mg/ml than at 0.05 
mg/ml and the formation of 26-36 S aggregates at 80°C is 100% at 10 mg/ml as 
compared to 48% at 0.50 mg/bil. Irreversible aggregation to 75T can be prevented 
by blocking the thiol groiq) v, ith N-ethylmaleimide. 
Differential scanning calorimetry studies have helped to understand the 
mechanism of heat denaturation (Yamasaki et al., 1990). Defatted and SH-blocked 
BSA exhibits two peaks on increasing the temperature, indicating a transitional stage. 
The enthalpy increased widi the increase in ionic strength in the neutral to alkaline 
pH range (5.6-9.0). Albumin is stabilized in the neutral alkaline pH range by die 
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presence of NaCl but destabilized in the acidic pH range (Yamasaki et ai, 1990). 
Witfi 0.2 M NaCl, no change in fluorescence of HSA tryptophan or bound ANS takes 
place iq) to 50^. The thennostabiUly in salt solutions increases with more chaotropic 
species, chlorate > isothiocyanate > bromide > chloride (Damodaran, 1989). 
Yamasaki etal. {\99\) suggested that heat induces electrostatic repulsive forces in the 
region between Arg,,, and Arg^ . The biphasic nature of temperature-induced 
denaturation curves is the result of the removal of stabilizers. Octanoate, long chain 
fatty acids and N-acetyl-L-tryptophan protect HSA from denaturation at 60°C 
(Shrake & Ross, 1988). Octanoate provides a 22°C additional heat stability and 
palmitate IS'C over defatted albumin. Heat-induced denaturation of fat-free albumin 
is dependent on its concentration whereas denaturation of fatted albumin is not. 
Covalmt changes in the amino acid residues of the protein occur when the protein is 
exposed to extreme conditions of heat and time especially under alkaline range. 
The mechanian by which proteins fold from a structureless denatured state to 
their unique biologically active state is an intricate process. However, recent advances 
in biophysical techniques (Nolting et al., 1995; Plaxco & Dobson, 1996) both 
diermodynamic and kinetic, have shown die presence of stable intermediate 
conformational states in a number of proteins (Ptitsyn, 1994; Radford & Dobson, 
1995; Privalov, 1996) which helped in the understanding of protein folding 
phenomenon. The folding process is even more complex in multidomain proteins 
(Jaenicke, 1998) where each domain may be capable to refold independently 
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(Wetlaufer, 1981; Privalov, 1982) and interdomain interactions may affect Ae 
overall folding process (Jaenicke, 1997). 
Acid denaturation of several proteins results in a denatured state that is often 
less unfolded tiian tiie completely unfolded form, obtained either in 9 M urea or 6 M 
GdnHCl (Dill & Shortle, 1991; Matthews, 1993). In acid denaturation, the major 
driving force for unfolding is intramolecular charge repulsion which may fail to 
overcome the interactions favoring folding such as hydrophobic forces, disulphide 
bonds, salt bridges and metal ion-protein interactions (Fink et al., 1994). The exact 
mechanism of a given protein at low pH is a complex interplay between a variety of 
stabihzing and destabilizing forces. It has been shown that certain proteins under the 
conditions of low pH have compact dimension, abundant secondary structure and 
largely disordered tertiaiy structure, wWch are the characteristics of 'molten globule' 
state, which is considered to be a general intermediate in the folding pathway of 
proteins (Kuwajima, 1989; Ptitsyn, 1990, Filippis et al., 1996). Most of the proteins 
for which a molten globule intermediate has been characterized are small monomeric, 
single domain proteins (Kim & Baldwin, 1990; Matthews, 1993; Ogasahara & Yutani, 
1994; Kay & Baldwin, 1996; Arai & Kuwajima, 1996) whereas multidomain and 
oligomeric proteins remain relatively little explored (Jaenicke, 1991). Since the 
folding/unfolding of such proteins are accompanied by the association/dissociation 
of subunits/domains, the processes are much more complicated than those of 
monomeric and/or single domain proteins and such studies can yield additional 
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insight into the interdependence/dependence of folding of subimits/domains of 
oligomeric and multidomain proteins (Price, 1994; Jaenicke, 1996; 1998). 
It has been shown that several proteins which are maximally unfolded at 
pH~2.0 refold to a compact 'A' state having properties of a molten globule by a 
further decrease in pH (Goto et al., 1990a). To understand the mechanism of acid-
induced refolding of proteins. Goto and coworkers (Goto et al., 1990b) studied the 
effects of various strong acids and their neutral salts on the acid-unfolded states of 
ferricytochrome c and apomyoglobin and showed that the anions are responsible for 
inducing the transition from unfolded state to 'A' state. They found the order of 
effectiveness of anions similar to die electroselectivity series of anions toward the 
anion-exchange resins suggesting that preferential binding of anions leads to the 
conformational transitions. Addition of anions either from salts or acids to an acid-
denatured protein leads to a decrease in the intramolecular electrostatic charge 
repulsive forces causing the protein to fold into a compact state having abundant 
secondary structure. The concentration range of acids or salts required for the 
transition to the partially folded state varies greatly among different salts and acids 
and also depends on the nature of the protein. 
Salts and proteins interact in different ways ranging from preferential hydration 
to preferential salt binding depending on the type of salt and solvent conditions 
(Arakawa et al. 1990). De^ite development of methodologies (both experimental and 
theoretical) in the last few decades and several studies on model compounds for the 
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elucidation of thermodynamic principles underlying the effect of neutral salts on 
protein stabihty, no consensus has been reached on how salts affect protein stability. 
Different possible mechanisms have been proposed which include specific and non-
^)ecific binding of ions to protein molecules, electrostatic shielding of charges, salt 
effects on water structure, etc (Schelhnan, 1987; 1990; TimasheflF 1995; Yang & 
Honig, 1992; Gilson, 1995). Specific ion binding mechanism can have important 
biotechnological implications for the design of ftiermostable proteins by flie 
construction of ion-binding sites at the surface of globular proteins (Pace & Grimsley, 
1989; Makhatadze et al, 1998). 
From the above review of serum albumin, it is clear that molten globule state 
of human serum albumin at low pH (~2.0) has not been identified so far and tilie 
effect of anions on the acid-denatured state of HSA has not been studied in detail. 
Moreover, the presence of three individual independentiy folding domains in serum 
albumin, their role in the maintenance of tiu-ee dimensional structure as well as the 
possibility of each domain to exist in a molten globule state are some of the 
interesting issues elucidation of which would provide a molecular basis for tiie 
folding mechanism of serum albumin. Furtiier, the presence of an intermediate state 
in urea denaturation and its absence in GdnHCl denaturation may be attributed to the 
non-ionic and ionic character of urea and GdnHCl respectively suggesting that salts 
play an important role in the stabilization of the albumin molecule. This makes the 
study of the role of salts on the urea denaturation of albumin imperative. 
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In tfiis study attempts have been made to characterize the acid denatured form 
of HSA at low pH (2.0) and the effect of anions of various salts/acids on the 
aforesaid state has been shown. Further, the effect of various salts on urea-induced 
state of HSA has also been studied. 
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MATERIALS AND METHODS 
A. MATERIALS 
7. Proteins 
Essentially fatty acid free human serum albumin (type A-1887; Lot 14H9319) 
and bovine serum albumin (type A-6003; Lot 42F9365) were obtained from Sigma 
Chemical Company, MO, USA. Commercial preparation of HSA was freed from 
dimers and other aggregated fonns by passing Arough Sephadex G-lOO column. HSA 
monomer, thus obtained, was found to be homogeneous with respect to size and 
charge as judged by Sephadex G-lOO column chromatography and polyacrylamide 
gel electrophoresis (Figure 4). This preparation was used throughout the study. 
2. Reagents used in get chromatogrtqthy 
Sephadex G-lOO (Lot 54H0484) and blue dextran 2000 (type D-5751; Lot 
62H0796) were purchased from Sigma Chemical Company, MO, USA. 
3. Reagents used in electrophoresis 
Acrylamide (3x crystallised) and N, N'-mediylenebisacrylamide (3x 
crystaUised) were purchased from Sisco Research Laboratories Pvt. Ltd., Mumbai, 
India. Trizma base (tris [hydroxymethyl] aminomethane) (type T-6791; Lot 
14H5717), glycine (type G-889&; Lot 113H12551), dimethyldichlorosilane (type D-
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Figure 4. Elution profile of HSA monomer on a Sephadex G-lOO 
column (100 x 2.36 cm). The inset shows the electrophoretogram 
of the isolated monomer on a 8% (w/v) poly aery lamide gel 
at pH 8.2. 
3879) and coomassie brilliant blue R 250 (type B-7920) were obtained from Sigma 
Chemical Company, MO, USA. Ammonium persulphate, sucrose, glycerol, acetic 
acid and metiianol were procured from Qualigens Fine Chemicals, Mumbai, India. 
N,N,N',N'-tetramethylethylenediamine (TEMED) was tfie product of Fluka AG, 
Switerzerland. 2-Mercaptoedianol and riboflavin were purchased from E. Merck, 
Darmstadt, Germany. Bromophenol blue was the product of B. D. H., Poole, England. 
4. Reagents used in protein estimation 
Analytical grade samples of sodium carbonate, sodium potassium tartarate, 
copper sulphate, orthophosphoric acid, lithium sulphate, sodium molybdate, sodium 
tungstate and hydrochloric acid were obtained from Qualigens Fine Chemicals, 
Mumbai, India. Liquid bromine was procured from Sigma Chemical Company, MO, 
USA. Folin-phenol reagent was prepared according to the standard procedure (Folin 
& Ciocalteu, 1927). Copper reagent was prepared by mixing 1 volume of 4% (w/v) 
sodium potassium tartarate to 100 volume of 4% (w/v) sodium carbonate and finally 
adding 1 volume of 2% (w/v) copper sulphate. 
5. Reagents used in denaturation studies 
Ultra pure urea (type U-0631; Lot 126H1454) and guanidine hydrochloride 
(type G-7153; Lot 85H0121) were procured from Sigma Chemical Company, MO, 
USA. Constant boiling hydrochloric acid was prepared by the method of Foulk and 
Hollingsworth(1923). 
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6. Acids and salts used in refolding studies 
Sulphuric acid, perchloric acid, nitric acid, potassium thiocyanate, sodium 
thiocyanate and potassium chloride were purchased from Qualigens Fine Chemicals, 
Mumbai, India. Potassium femcyanide, potassium ferrocyanide, sodium nitrate and 
sodium sulphate were the products of S. D. Fine Chemicals, Mumbai, India. 
Potassium perchlmate, sodium perchlorate and potassium fluoride were obtained from 
E. Merck, Darmstadt, Germany. Potassium bromide was the product of B. D. H., 
Mumbai, India. Trichloroacetic acid and trifluoroacetic acid were supplied by Sisco 
Research Laboratories, Mumbai, India and Spectrochem Pvt. Ltd., Mumbai, India 
respectively. 
7. Mter reagents 
N-Acetyl-L-tiyptophanamide (type A-6501, Lot 53H1590) and 1-
anilinonaphthalene-8-suIphonate (type A-3125) were purchased from Sigma Chemical 
Company, MO, USA. Sodium dihydrogen pho^hate, disodium hydrogen phosphate, 
sodium hydroxide, potassium dichromate, potassium hydrogen phdialate, sodium 
tetraborate, potassium permanganate and etfaanol were of analytical grade and 
obtained from QuaUgens Fine Chemicals, Mumbai, India. Sodium azide was the 
product of S. D. Fine Chemicals, Mumbai, India. 
8. Miscellaneous 
Dialysis tubings of 1 inch widdi were obtained from Sigma Chemical 
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Company, MO, USA. Millipore filters (pore size 0.45 ^m) were purchased from 
Millipwe (India) Pvt Ltd., Bangalc»«, India. Whatman filter papers (No. 1) were the 
product of Whatman International Ltd, Maidstone, England. Parafilm 'M' was 
obtained from American Can Company, CT, USA. pH indicator papers were 
supplied by Qualigens Fine Chemicals, Mumbai, India. Solid glass beads (5 mm 
diameter) and glass wool were obtained from S.D. Fine Chemicals, Mumbai, India. 
All glass distilled water was used tfirou^out these studies. All the experiments 
were performed at room temperature (~ 25 °C) unless otherwise stated. 
B. METHODS 
1. Determination of protein concentration 
Protein conc i^traticxis were detemiined either spectrq)hotometrically or by the 
method of Lowry et a/. (1951) using bovine serum albumin as the standard. 
(a) Spectrophotometric method 
Protein concentration was determined from the value of specific extinction 
coefficiait (E}'^^^= 5.30 and 6.61 for HSA and BSA respectively) by measuring the 
absorbance of jMXJtein solution at 280 nm (Pace et al., 1995) on a Cecil double beam 
spectrophotometer, model CE 594. 
(b) Method of Lowry et aL (1951) 
Increasing volumes of stock protein solution (300 ng/ml) in the range of 0.1-
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1.0 ml were taken in different test tubes and the volume in each tube was made to 1.0 
ml, if required, with 0.06 M sodium phosphate buffer, pH 7.0. Then, 5.0 ml of 
freshly prepared copper reagent was added to all the tubes and the contents were 
mixed well. After 10 minutes of incubation at room temperature, 1.0 ml of diluted 
Folin-phenol reagent was added and vortexed. The tubes were incubated fw 30 
minutes at room temperature and the color intensity was read at 700 ran against a 
suitable blank prq^ared in the same way as that of test solution except that instead of 
protein solution, 1.0 ml of buffer was taken. A calibration curve, thus obtained, 
between absorbance at 700 nm and amount of protein yielded the following straight 
line equation (Figure 5): 
(Absorbance)7oo ^  ^ 1 -^  '^  10"^  (protein concentration, ng/ml) + 0.05 (1) 
2. Preparation of constant boiling hydrochloric acid 
Constant boiling hydrochloric acid was prepared by the method of Foulk & 
Hollingsworth (1923). About 300 ml of concentrated hydrochloric acid (analytical 
grade) was diluted to 600 ml with water and distilled in a flask fitted with a 
condenser. The first 20 ml of the distillate was discarded while the next 500 ml was 
collected and fiirther redistilled at a constant temperature of 109°C. About 3/4 part 
of the distillate was discarded and the oxistant boiling fi^ction was collected in a dry 
flask. The distillation was discontinued Miien about 50-60 ml residue was left in the 
distillation flask. 
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Figure 5. Calibration curve for the determination of protein 
concentration by the method of Lowiy etal. (1951) using 
BSA as the standard. 
3. pH measurements 
pH measurements were carried out on an Elico digital pH meter, model LI 610 
using a PPC's combined electrode, type CL-51 consisting of glass and reference 
electrodes in a single entity. The least count of the pH meter was 0.01 pH unit. The 
pH meter was routinely calibrated at room temperature with either 0.05 M 
potassium hydrogen phthalate buffer, pH 4.0 in the acidic range or 0.01 M sodium 
tetraborate buffer, pH 9.2 in the alkaline range. 
4. PolyacrylanUde gel electrophoresis (PA GE) 
Electrophoresis of HSA was performed in 10% (w/v) polyaciylamide gel 
using 0.02 M tris-glycine buffer, pH 8.2 , ionic strength 0.02 by Ae mediod of 
Davis (1964). About 20 jig of the protein was loaded in 10 ^ 1 sample buffer and a 
current of 4 mA per well was apphed for nearly 2 hours. The gel was stained with the 
staining solution containing 0.25% (w/v) coomassie brilliant blue in 40% (v/v) 
methanol and 10% (v/v) acetic acid and destained in 10% (v/v) acetic acid solution 
containing 10% (v/v) methanol at 37"C. 
5. Gel chromatography 
A column of Sephadex G-lOO (100 x 2.36 cm) was packed according to the 
published procedure of Tayyab et al. (1991) and equilibrated witii 0.06 M sodium 
phosphate buffer, pH 7.0. The void volume (VQ) of the column was determined by 
passing a band of blue dextran (10 mg / 2 ml) and was found to be 156 ml. The mner 
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volume (Vi) of die column was detennined as 251 ml after passing potassium 
permanganate solution. About 20-40 mg of commercial HSA in 4-8 ml of 0.06 M 
sodium pho^hate buffer, pH 7.0 was loaded on the column and eluted with the same 
buffer at a flow rate of 20-25 ml/hr in 5.0 ml fractions. The protein in each fraction 
was monitored spectrophotometrically by measuring abs(»bance at 280 nm. Active 
fractions representing HSA monomer were pooled, concentrated and stored at 4 °C. 
6. Circular dichroism (CD) measurements 
CD measurements were carried out with a Jasco spectropolarimeter, model 
J-720 equipped with a microcomputer. The instrument was calibrated with 
d-10-camphorsulphonic acid. All the CD measurements were made at 25°C with a 
diermostatically controlled cell holder attached to a Neslab's RTE-110 waterbafli with 
an accuracy of ± 0.1°C. Spectra were collected with a scan q)eed of 20 nm/min and 
response time of 1 second. Each ^ectrum was tiie average of 4 scans. Far-UV CD 
^)ectra were taken at a protein concentration of 1.8 ^^f with a 1mm pathlength cell 
and the near-UV CD spectra were measured at 18 ^M protein concentration with a 
10 mm pathlength cell. The results are expressed as mean residue elBpticity (NQIE) 
in deg-cm .^dmol'^  which is defined as: 
MRE=e^/(10xnxlxCp) (2) 
where 6 ^ is the CD in millidegree; n is the number of amino acid residues (585); 1 
is the padilengft of the cell in cm and C is the mole fiction. The a-helical content 
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of HSA was calculated from the MRE value at 222 mn using the following equation 
as described by Chen et al. (1972): 
% helix= [(MRE222 - 2340)/30300] x 100 (3) 
For temperature transition studies, a water jacketed 0.1 mm palhlength cell was 
used for far-UV CD and a water jacketed 10 mm palhlength cell was used for 
near-UV CD attached to RTE-110 waterbath interfaced wifli the microcomputer. 
Same protein solution (18 \M) was used in bofli near and far-UV CD measurements. 
Each reading at desired temperature was taken after 20 minutes incubation of die 
protein solution at that temperature. 
7. Fluorescence measurements 
Fluorescence measurements were performed on a Shimadzu 
spectrofluorometer, model RF-540 equipped with a data recorder DR-3 or 
alternatively <MI Hitachi spectrofluorometer, model F 2000. The fluorescence spectra 
were measured at a protein concentration of 1.8 ^M with a 1 cm palhlength cell. The 
excitation and emission slits were set at 10 mn each. For ANS fluorescence in the 
ANS binding experiments, tiie excitation wavelength was set at 380 nm and the 
emission spectra were taken in the range of 400-600 nm or at a fixed wavelength of 
470/480 nm. Intrinsic fluorescence was measured by exciting the protein solution at 
280 nm and emission spectra were taken in the range of 300-400 nm with a protein 
concentration of 1.8 i^M. 
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& Acid-induced unfolding ofHSA 
HSA solutions, of varying pH, were prepared by adding different volumes of 
HCl-water mixtures of different concentrations (pH values) to a protein stock solution 
(9 nM) such that tiie final volume in each tube was 5.0 ml. These tubes were 
incubated for 30 minutes at 25°C. The pH of flie samples was found to lie within 0.1 
pH unit when taken before and after the CD and fluorescence measurements. 
For ANS binding studies, to a protein solution incubated with varying 
concentrations of HCl, concentrated stock solution of ANS was added to get a final 
concentration of 125 |iM and 1.8 jxM for ANS and protein respectively. 
9. Salt / acid-induced conformational transition of HSA 
Buffers used for the CD and fluorescence measurements of the protein under 
acidic and neutral conditions were 10 mM glycine-HCl, pH 2.0 and 40 mM sodium 
phosphate buffer, pH 7.0 req)ectively. No effect of buffer was found in the structural 
transition studies. To study the effect of salts on the conformation of acid denatured 
HSA at pH 2.0, different volumes of concentrated stock solutions of salts prepared 
in the same buffer (10 mM glycine-HCl, pH 2.0) were added to the protein solution 
taken in different volumes of the buffer so as to get the desired molarity of salts. The 
final volume in each tube was 5.0 ml. All the CD and fluorescence measurements 
were made within 30 minutes of preparation of the solutions to minimize the effect 
of aggregation. 
For ANS binding studies, to a protein solution incubated with varying 
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concentrations of salts or acids, concentrated stock solution of ANS was added to get 
a final concentration of 125 ^ M and 1.8 fiM for ANS and protein respectively. 
10. Acrylamide quenching experimatts 
In the acrylamide quenching experiments, aliquots of 5 M (1 M for NATA 
experiments) acrylamide stock solution were added to a protein stock solution (IS 
pM) to get the desired aciylamide concentration. The final concentration of protein 
was 1.5 i^M. The excitation was set at 295 ran in order to excite tryptophan 
fluorescence only and tiie emission spectrum was recorded in the range of 300-400 
nm. The slit width was set at 10 nm hotii for excitation and emission ^ctra . The 
decrease in fluorescence intensity at X,^ was analyzed according to the Stem-Volmer 
equation (Eftink and Ghiron, 1982): 
F^F = 1 + K„[Q] (4) 
where F^ and F are the fluorescence intensities at an appropriate wavelength in tiie 
absence and presence of a quencher (aciylamide) respectively; K„ is the 
Stem-Volmer constant for the colUsional quenching process and [Q] is the 
concentration of the quencher. K„ values were calculated by the least-squares 
analysis of the linear early part of Ae Stem-Vohner plot of Fo/F versus [Q]. 
Jl. Viscosity measurements 
A calibrated Cannon-Fenske viscometer (Cannon Instrument Co., PA, USA) 
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with a flow time of about 400 sec for distilled water at 25°C was used. The time of 
fall was recorded by a stop watch reading to 0.1 second. The temperature of the 
viscometer was maintained by dipping the viscometer in a glass tank filled with 
distilled water and attached to a water bath which maintained die temperature within 
±0. rC. The reduced viscosity of a protein is defined as (Tanford, 1955): 
11™. = [(t-to) / t„c] + [(l-i>2 p„) / p„] (5) 
where t„ is the time of fall of tiie solvent; t is the time of fall of the protein solution; 
c is die protein concentration in g/ml; Uj is the partial q)ecific volume of protein taken 
as 0.734 (Ahmad & Salahuddin, 1974); p^  is the density of the solvent, hitrinsic 
viscosity was determined by linear extrapolation, by the method of least squares, of 
reduced viscosity to zero protein concentration. The viscosity measurements were 
made at four different concentrations ranging from 2-8 mg/ml. 
JZ Denaturadon and renaturation aqteriments 
Solutions for die denaturation and renaturation experiments were prepared 
from stock solutions of protein and denaturants (urea and GdnHCl) prepared in 60 
mM sodium phosphate buffer, pH 7.0. Concentrations of denaturant stock solutions 
were determined from the data of Warren & Gordon (1966) and Nozaki (1972) for 
urea and GdnHCl solutions respectively as described by Pace & Scholtz (1997). In 
denaturation experiments, to a stock protein solution, different volumes of the buffer 
were added first and the denaturant was added last so as to get the desired 
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concentration of denaturant. On the other hand, for renaturation experiments, to a 
stock protein solution, di£ferent volumes of concentrated denaturant solutions were 
added first and die mixture was incubated for 4 hours and finally buffer was added 
to get desired denaturant concentration. The final solution mixture for both the 
denaturation and rraaturation e?q)eriments was incubated for 12 hours at 25 **€ before 
CD and fluorescence measurements. 
13. Data analysis 
Unfolding curves were analyzed using either two state or three state 
mechanisms. 
(a) Two state mechanism 
Unfolding curves for the N '«* D transition were normalized to the apparent 
fi^ction of the unfolded form, F^ using the following equation (Tanford, 1968): 
F D = ( Y - Y K ) / ( Y O - Y N ) (6) 
where Y is the observed variable parameter and Y^ and Y^ are the values of the 
variable characteristics of the folded and unfolded conformations. The di£ference in 
fiiee energy between the folded and the unfolded states, AG was calculated by the 
following equation: 
AG= -RThiK = -RThi[FD/( l -FD)] (7) 
\^ere K is the equihbrium constant, R is the gas constant (1.987 cal / deg / mol) and 
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T is the absolute temperature. 
(b) Three state mechanism 
For the unfolding transition, N «^  I ^  D where I is an intermediate state, each 
step may be assumed to follow a two state mechanism. The fraction of die 
intermediate state, F,in the reaction, N ^ I can be obtained from die relation: 
F I = ( Y - Y N ) / ( Y , - Y J (8) 
where F, + FN= 1. 
Similarly, the fraction of denatured state, FQ in die reaction I ^ D can be 
calculated from die relation: 
F D = ( Y - Y ^ / ( Y I , - Y J (9) 
where FD + FJ = 1. 
The equihbrium constant and the free energy for the above transitions may be 
calculated from the following relationships: 
For N »* I transition, 
K, = F, /(1-FO (10) 
and AG,= -RThiKi (11) 
Fori **Dtransition, 
Ko = Fo/(l-Fi,) (12) 
and AGD = - RT hi K^ (13) 
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A least squares analysis of the equations (7), (11) and (13) as a function of 
denaturant concentraticm, [D] was used to fit the data to the following equation for 
the determination of AG"2°, the free energy change in the absence of urea (Pace, 
1990): 
AG = AG"20 - m [D] (14) 
where m is a measure of the dependence of AG on denaturant concentration in 
cal.mol'.M"' 
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(Mi/Mi/cm 
RESULTS AND DISCUSSION 
1. Acid-induced transition ofHSA 
Figures 6 and 7 show the acid-induced denaturation of HSA as monitored by 
ellipticity measurements in the far-UV region at 222 nm and by ANS fluorescence 
respectively. The CD spectrum of a protein in flie far-UV region was used to assay 
the conformation of the polypeptide backbone, whereas ANS, a hydrophobic dye 
that binds to exposed hydrophobic regions of partially folded proteins was used to 
monitor these hydrophobic regions as described previously (Stryer, 1965 ; Johnson 
& Fer^t, 1995). The ellipticity measurements at 222 nm showed no apparent change 
between pH 6.5 and 4.0, but when the pH was decreased below 4.0, die ellipticity 
decreased markedly to a minimum value at around pH 2.1 and remained unchanged 
down to pH 1.8. A further decrease in the pH below 1.8 resulted in a second 
transition, corresponding to the formation of secondary structure, which in turn tailed 
off at pH 1.3. In the first transition, only 30% loss of secondary structure took place, 
calculated on the basis of die difference in ellipticity at 222 imoi between the native 
and the denatured state in 7 M GdnHCl taken to be 100%. However, in die second 
transition, 7% of the secondary structure re-formed. When the effect of pH was 
assessed by ANS fluorescence, a gradual increase in fluorescence intensity was 
observed on decreasing die pH below 5.0, reaching a maximum at around pH 2.5, 
whereas no change in ANS fluorescence was observed in the pH range 6.8-5.0. A 
further decrease to below 2.0 led to a gradual decrease in the ANS fluorescence 
which tailed off at pH 1.1. In addition to this, emission maxima showed a red shift 
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Figure 7. pH dependence of ANS fluorescence intensity of 
HSA at 25°C. The excitation was set at 380 nm and fluorescence 
intensity was monitored at 470 nm. 
from 470 nm to 480 nm on decreasing the pH from 4.5 to 2.5, which remained 
constant iq) to pH 2.0 and decreased to 474 nm on decreasing the pH below 2.0. The 
observed red shift in emission maxima and increase in ANS fluorescence within the 
pH ranges 4.5-2.5 and 5.0-2.5, respectively, were indicative of exposure of 
hydrc^obic regions to the solvent. A decrease in ellipticity at 222 nm witiiin the pH 
range 4.0-2.1 su^ested the loss of some secondary structure, making some 
hydrophobic regions available for ANS binding. Interestingly, below pH 2.0, another 
transition, characterized by the formation of secondary structure indicated by the 
increase in ellipticity and decrease in ANS binding as well as the blue shift, was 
observed which was complete at pH 1.1. The transition curves produced bolh by 
ellipticity measurements at 222 nm and ANS fluorescence showed a cooperative 
transition widi no apparent intermediate state. These results are similar to those 
rep(Mled previously (Lee & Hirose, 1992) which also indicated no intermediate state. 
These results also suggest that the protein's tertiary structure was more sensitive to pH 
change than die secondary structure, as the transition monitored by ANS fluorescence 
started around pH 5.0 whereas that assessed by ellipticity measurement at 222 nm 
started around pH 4.0. These data are in accordaace with previous results on acid-
induced unfolding of HSA (Lee & Hirose, 1992) in which more unfolding was 
observed below pH 4.0 reaching a maximum at pH 2.1 and which was partially 
restored at pH values below 2.0. A shift in the point of transition observed in this 
study (~4.0) fr<Mn die native to the denatured state compared with the value (pH 5.0) 
observed previously (Wallevik, 1973) can be explained by salt effect (Fink et al.. 
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1994), because, in die earlier study, transition was seen in the presence of 0.2 M KCl 
(Wallevik, 1973). Partial restoration of secondary structure at pH 1.1, as observed 
by the increase in ellipticity, can be ascribed to the anion-induced folding (Goto et al., 
1990), which decreased the number of hydrophobic patches resulting in less binding 
ofANS. 
2. Characterization of acid-denatured HSA atpHZO 
To ascertain whether the protein state observed at pH 2.0 represented the 
extended state (E state) as reported previously (Foster, 1960; Peters, 1985; He & 
Carter, 1992), we compared die near-UV and far-UV CD spectra of HSA at pH 2.0 
widi those obtained at pH 6.0 (native state) and in the GdnHCl-denatured state. 
(a) Far-UVCD 
Figure 8 shows the fer-UV CD q)ectra of HSA in the native state (pH 6.0), the 
acid-denatured state (pH 2.0) and the GdnHCl-denatured state (7 M) in which the 
protein is considered to exist in a random coil conformation (Dill & Shorde, 1991). 
The curve for the nadve state has two minima, one at 208 mn and the other at 222 nm, 
characteristic of a-helical structure. HSA in the native state contained around 
57% a-hehcal structure (Table 3) as determined from the ellipticity value at 222 nm 
by die method of Chen et al. (1972) wliich is in agreement with the value reported 
by otiier workers (Reed et al., 1975). The curve for the acid-denatured state retained 
all the elements of secondary structure, althougih there was a decrease in the ellipticity 
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Figure 8. Far-UV CD spectra of native HSA at pH 6.0 (—), 
acid-denatured HSA at pH 2.0 ( ) and GdnHCl (7M)-
denatured HSA ( ). 
Table 3 
Sumniary of some physical properties of HSA 
Variable Native state Acid-denatured GdnHCl-denatured 
state state 
[ Tl ] (CC/g) 
MRE at 222 nm 
(deg.cm^.dmor'). 
MRE at 262 nm 
(deg.cm^.dmor') 
% helix" 
A«„(nm) 
(tryptophan fluorescence) 
ANS fluorescence 
(relative intensity) 
Cooperativity 
(thermal transition) 
3.9 
19800 
123 
-57 
340 
14 
Yes 
8.4 
15100 
69 
-42 
328 
81 
No 
22.9* 
3700 
37 
-4.5 
350 
-
-
' Taken from Tanford (1%7). 
** Calculated by the metfiod of Chen et al. (1972). 
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value, indicating the loss of-15% a-helical structure from the native state. HSA in 
the iwesence of 7 M GdnHCl lost all the elements of secondary structure, as can be 
seen in Figure 8 (see also Table 3). 
(b) Near-UVCD 
Figure 9 shows the near-UV CD spectra in the 250-300 nm range for the 
native state (pH 6.0), the acid-denatured state (pH 2.0) and in 7M GdnHCl. These 
spectra were used to probe the asymmetry of the protein's aromatic amino acids' 
environment. The near-UV CD q)ectra for the native state showed two minima at 262 
nm and 268 imi and shoulders at 275 nm and 292 imi, characteristic of disulfide and 
aromatic diromophores (Lee & Hirose, 1992). In the acid-denatured state, there was 
a loss of signal and fine structure at 275 nm and 292 imi; nonetheless the protein 
retained the two minima at 262 and 268 nm whereas in 7 M GdnHCl there was 
complete disappearance of all minima. A comparison of near-UV and far-UV CD 
spectra of acid-denatured HSA with that of native and GdnHCl-denatured HSA 
(Table 3) shows that acid-denatured form retained quite a lot of secondary structure 
as well as a significant proportion of tertiary structure. 
(c) ANS binding 
E}qx)sure of the hydrophobic sur&ce to solvent in the acid-denatured state was 
studied by ANS binding. Binding of ANS to the hydrophobic regions of proteins 
results in an increase in fluorescence intensity (Stryer, 1965), which has been widely 
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Figure 9. Near-UV CD spectra of native HSA at pH 6.0 (—), 
acid-denatured HSA at ppH 2.0 ( - - ) and GdnHCl (7M)-
denatured HSA ( ). 
used to detect the molten globule states of different proteins (Engelhard & Evans, 
1995). Figure 10 ^ows fee fluorescence spectra of ANS in fee 400-600 nm 
wavelengfe range in fee presence of native and acid-denatured protein. As can be 
seen, binding of ANS to fee acid-denatured state at pH 2.0 produced a large increase 
(six fold, compared to fee native HSA) in flu6rescence intensity ( Table 3) 
accompanied by a shift in iq)ectra] maximum from 470 to 480 nm, indicating exposure 
of hydrophobic regions of fee protein molecule on acidification. Thus it appears feat 
fee acid-denatured state, alfeough it retained a significant amount of secondary and 
tertiary structure, had sizeable amounts of exposed hydrophobic region. 
(d) Thermal transition 
Figures 11 and 12 show fee temperature-induced unfolding of fee native HSA 
at pH 6.0 as well as acid-denatured HSA at pH 2.0 by ellipticity measurements in fee 
far-UV region at 222 nm and in fee near-UV region at 262 nm, respectively. The 
feennal unfolding of fee native protein as seen in fee far-UV region at 222 nm and in 
fee near-UV region at 262 nm is a cooperative process (Table 3). In fee far-UV 
region, fee transition started at 40°C whereas in fee near-UV region it began at 60'*C, 
suggesting that secondary-structural changes are more sensitive to temperature fean 
tertiary structural changes. On fee ofeer hand, feennal transition of fee acid-
denatured protein at pH 2.0, as seen in fee near- UV and far-UV regions, is a 
continuous non-cooperative process (Table 3). Maximum ellipticity of acid-
denatured HSA was found at 0"C in bofe fee near-UV and far-UV regions, which 
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native HSA at pH 6.0 ( ) and acid-denatured HSA at pH 2.0 
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Figure 12. Temperature-dependence of MREat 262nmof 
native HSA and acid-denatured HSA at pH 2.0. 
decreased continuously up to 90 °C and then tailed off. In view of the gradual 
transiti(xi associated with the confonnation containing only loosely wdered secondary 
structure (Carra et al, 1994), and lack of a cooperative thermal unfolding transition 
associated with the molten globule state (Peng & Kim, 1994), it appears that acid-
denatured HSA at pH 2.0 represents the molten globule state of the protein. 
(e) Intrinsic fluorescence 
Figure 13 shows the effect of pH in the 6.5-2.0 range on tryptophan 
fluc»€scence maximum, X„^ The tryptophan fluOTescence emission spectra for HSA 
in the native state at pH 6.0 and acid-denatured state at pH 2.0 in the 300-400 nm 
range after exciting the protein at 280 nm are depicted in Figure 14. The emission 
spectra was diaracterized by the emission maximum at 340 nm. Lowering the pH to 
2.0 caused a blue shift of 12 nm (Table 3) and increase in fluorescence intensity, 
indicating internalization of tryptophan in a non-polar environment which was 
otherwise located betwera the IIA and mA interface in the native state (He & Carter, 
1992) near the surface of the protein molecule, as judged by its sensitivity to photo-
oxidation (Reddi et al., 1987). 
(f) Acrylamide quenching 
To confirm the envir(»iment of the tryptophan residue, we compared the 
e)qx)sure of the single tryptophan residue, Trp214, in the native state with that in the 
acid-denatured state and GdnHCl-denatured state by a fluorescence-quenching 
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Figure 14. Fluorescence emission spectra of native HSA at pH 
6.0 ( ) and acid-denatured HSA at pH 2.0 ( ). The 
excitation wavelength was 280 nm. 
experiment, using uncharged molecules of acrylamide as described by Eftink & 
Ghiron (1982). Figure 15 shows a Stem-Vohner plot of quenching of fluorescence by 
acrylamide in native, acid-denatured and GdnHCl-denatured HSA. Results for the 
tryptophan analogue NATA are also included as a standard for complete accessibility 
to quencher. Table 4 shows the Stem-Vohner constants fitted to the early linear parts 
of the curves in Figure 15. K^ for the native state was found to be higher (5.9) than 
that for the acid-denatured state (4.0) and was accompanied by a blue shift in \^ 
from 342 to 334 nm. These results indicate that the tryptophan residue in tfie native 
state was more accessible to quenching by acrylamide than in the acid-denatured 
state. The blue shift in the emission maximum of tryptophan indicated diat the residue 
became more inaccessible to flie solvent in the acid-denatured state. That the K„ 
values for the GdnHCl-denatured state and NATA were significantly higher than 
those for the native and acid-denatured states suggests that, even in the native state, 
the tryptophan residue was not ftilly accessible, which is in agreement with previous 
results (Peterman & Laidler, 1980). 
(g) Intrinsic viscosity 
Intrinsic viscosity measurements were also used for the detection of 
conformational changes in native HSA. The intrinsic viscosity values, [T]], as 
calculated from the intercept on the Y-axis of the r\^ versus protein concentration 
plot for the native and acid-denatured HSAs are hsted in Table 3 (Figures 16 & 17). 
Value of [T]] for GdnHCl-denatured state of HSA was taken from Tanford (1967) and 
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Figure 15. Stem-Volmer plots of acrylamide quenching. 
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(D)- Values shown are the ratios of fluorescence in the 
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Table 4 
Acrylamide-quenching parameters of HSA 
Subject K„ (M") KJ' 
Native HSA 
Acid-denatured HSA 
Gnd-HCl denatured HSA 
NATA 
5.9 
4.0 
9.7 
20.7 
342 
334 
350 
354 
Excitation wavelength was 295 nm 
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Figure 16. Reduced viscosity of HS A as a function of protein 
concentration in 60 mM sodium phosphate buffer, pH 7.0. 
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Figure 17. Reduced viscosity of HSA as a function of protein 
concentration in 10 mM glycine-HCl buffer, pH 2.0. 
is also listed in Table 3. The value measured for the acid-denatured state (8.4 cc/g) 
was a little more than twice that measured for the native state (3.9 cc/g), but was 
considerably lower tiian Aat of flie GdnHCl-denatured state (22.9 cc/g). In the light 
of the molten globule theoiy, these data indicate that the compactness of HSA at 
acidic pH was similar to the molten globule state of o&er proteins (Bychkova 
etal, 1992). 
Taken togeflier, fliese results, i.e. die presence of a high content of 
secondary structure (-42% a-helix), higher magnitude of ANS binding, loss of 
cooperativity in die thermal transition and significant loss of tertiary structure but 
retention of compactness, suggest that the acid-denatured state of HSA at pH 2.0 
resembles the molten globule state as defined for other proteins. However, it should 
be remembered diat HSA contains diree domains which are assumed to fold 
independently (Khan, 1986). In view of jnevious results showing uncoiling of domain 
HI on acidification, loss of secondary structure may be attributed to unfolding of 
domain m, whereas retention of other properties similar to diose of the native state 
can be ascribed to domains I and II. 
3. Anion-induced refolding of HSA under lowpH conditions 
(a) Far-UVCD 
Figure 18 shows die far-UV CD spectra in the 200-250 nm range for Ae 
native state (pH 7.0) and acid-denatured state (pH 2.0) both in the absence and 
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Figure 18. Far-UV CD spectra ofacid-denaturedHSA at pH 
2.0 in the absence and presence of different concentrations of 
KCIO4. The concentration of KCIQ, for different spectra from 
top: 0 mM; 4 mM; 8mM; 10 mM; 12 mM, 16 mM and 22 mM 
upto curve 7, Curve 8 was obtained in 40 mM sodium phosphate 
buffer, pH 7.0. 
presence of various concentrations of Ka04. Curve 1 of the Figure 18 shows far-UV 
CD spectra for acid-denatured HSA vt^ereas far-UV CD spectra for native HSA is 
represented by curve 8. The ^ )ectra of acid-denatured protein obtained in the presence 
of different concentrations of KCIO4 are shown in between curves 1 and 8. All these 
spectra were characterized by the presence of two minima at 208 nm and 222 nm, 
characteristic of a-heUcal secondary structure. As can be seen, significant amount of 
a-heUcal structure was retained by the protein under acidic (pH 2.0) condition. 
However, relative to native HSA, -28% decrease in MRE222 was noticed in acid-
denatured HSA. Addition of salt (KCIO4) led to an increase in tiie a-helical content 
as evident from the increase in MRE value at 222 nm of acid-denatured HSA 
approaching a value close to the native HSA in the presence of 40 mM KCIO4. The 
a-heUcal content, calculated from the MRE values at 222 nm by the method of Chen 
et al. (1972), for native state at pH 7.0, acid-denatured state at pH 2.0 and acid-
denatured state at pH 2.0 in the presence of 40 mM KCIO4 was found to be 58%, 42% 
and 55% req)ectively. The isodichroic point near 202 nm su^ested that the transition 
from the acid-denatured state to die KC104-induced state was effectively cooperative 
(Goto et al., 1990). The salt-induced transition of acid-denatured HSA can be 
explained on the basis of the specific binding of anions to the charged groups of 
proteins which leads to a decrease in die charge-charge repulsion (Goto et al., 1990). 
Such type of transitions have also been reported previously for a number of proteins 
(Fink et al., 1994; Goto et al., 1990; Goto & Fink, 1989; Le et a/., 1996). 
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Anhn-induced transition: The effect of anions of various salts such as 
K F^eCCN)^ , KjFeCCN)^, Na2S04, KCIO4 and KCl as well as acids like 
H2SO4, HCIO4, HCl, TFAH and TCAH on the acid-denatured state of HSA at pH 
2.0 was studied by measurii^ the MRE value at 222 nm. All the acids and salts used 
were found to induce a-helical structure and diis transition from the acid-denatured 
state to Ae anion-induced state was found to be cooperative as shown in Figures 19 
and 20 req)ectively. However, the concentration range of acids or salts required to 
bring about the transition varied greatly among different acids and salts. As can be 
seen, conformational transition of HSA at pH 2.0 induced by salts, i.e. KCIO4, 
Na2S04 and KCl synchronized with those induced by their corresponding acids i.e. 
HCIO4, H2SO4 and HCl. The ellipticity induced by acid (MRE^n obtained at the 
maximum concentration of acid) was found to be similar to that induced by 
correq>onding salt (Tables 5 & 6). Further, values of mid point concentration (CJ 
for the c(Hif(»mational transition induced by acids and their corresponding salts were 
also found similar (Tables 5 & 6). It should be noted that the maximum 
concentration of salt or acid used in this study to monitor ellipticity was the one in 
which solutions were clear and higher concentrations of acid / salt led to tilie 
precipitation of protein. Based on the same C„ as well as MRE222 values, obtained 
at hitler concentrations of acids and their corresponding salts, it can be inferred that 
aniois play an important role in acid/salt-induced transition of acid-denatured HSA. 
Such kind of effect has also been reported previously for other proteins like 
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Figure 19. Acid-induced conformational transitions of HSA studied at pH 2.0 by measuring 
MRE at 222 nm. Different acids used were: HjSO^ (O); HCIO4 (D); HCl (A); TCAH 
(#)andTFAH(B). 
-14000 
o 
E 
• 
E 
o 
d) 
o> 
•o 
•16000 -
•^ -18000 -
HI 
-20000 
0.01 0.1 1 10 
Salt (mM) 
100 
Figure 20. Salt-induced conformational transitions of HSA studied at pH 2.0 by measuring 
MRE at 222 ran. Different salts used were: Na2S04 (O); KCIO4 (A); KCl (A); KsFeCCN)^  
(D) and K4Fe(CN), (y ) . 
Table 5 
Characteristics of acid-induced transition of acid -denatured HSA 
studied by far-UV CD 
Acid Cm' 
(mM) (deg.cm^.dmor') 
H2S04 
TCA 
HCIO4 
TFA 
3.4 
7.2 
8.6 
44.5 
-18500 
-19600 
-19000 
-19550 
HCl 87.0 -17850 
* Calculated from MRE222 value. 
^ Obtained at the maximum concentration of acid. 
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Tabk6 
Characteristics of salt-induced transition of acid-denatured HSA 
studied by for-UV CD 
Salt 
K3Fe(CN), 
K,Fe(CN), 
Na2S04 
KCIO4 
KCl 
C ' 
(mM) 
0.048 
0.132 
3.4 
8.4 
86.0 
MRE222'' 
(deg.cm^.dmor') 
-19850 
-19300 
-18500 
-19050 
-17900 
' Calculated from MRE222 value. 
^ Obtained at the maximum concentratioii of salt. 
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cytochrome c and apomyogiobin (Goto et al., 1990). A comparison of tiie C„ values 
for different acid / salt-induced transitions suggests that KjFeCCN)^  and K4Fe(CN)6 
were most effective in inducing a-hehcal structure among all the acids and salts used 
(Tables 5 & 6). Contrary to fliis, HCl and KCl were poor candidates for inducing a-
heUcal structure and thus required much higher concentration. Interestingly, when 
HCIO4 was added to tfie native protein in the absence of HCl, tfie MRE222 was found 
similar to the MRE 222 value obtained with HSA at pH 2.0 but in the presence of 
HCIO4. This suggested that unfolding of HSA with HCIO4 was different with that of 
HCl-induced unfolding and the protein directly entered into the anion-induced state 
in the presence of HCIO4. The effectiveness of various anions in inducing die a-
hehcal structure was found to follow the series: ferricyanide > ferrocyanide > sulfate 
> trichloroacetate > perchlorate > trifluoroacetate > chloride. This was similar to the 
electroselectivity series of anions towards the anion-exchange resins (Gregor et al., 
1955; Gjerde et a/., 1980). 
(b) Near-UVCD 
The CD ^)ectra in the near-UV region was used to probe the asymmetry of the 
protein's aromatic amino acids' environment (Kuwajima, 1989; Stryer, 1965). Figure 
21 shows near-UV CD spectra in the 250-300 nm range for native and acid-denatured 
HSA both in the absence and presence of different concentrations of KCIO4. As can 
be seen, near-UV CD spectra of native HSA is characterized by two minima; one at 
262 nm and the other at 268 nm. Near-UV CD spectra of acid-denatured HSA also 
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Figure 21. Near-UV CD spectra of native HSA at pH 7.0 
(curve 5) and acid-denatured HSA at pH 2.0 in the absence 
(curve 1) and presence of different concentrations of KCIO4 
(4 mM, 8 mM and 24 mM for curves 2, 3 and 4 respectively). 
showed Aese features but the MRE values were markedly reduced indicating a 
decrease in the asymmetry of protein's tertiary structure. Addition of salt (KCIOJ to 
the acid-denatured HSA led to an increase in the MRE values. This increase in 
MRE262 at 24 mM KCIO4 concentration was -35% of the MRE262 observed witfi the 
acid-denatured HSA. Although the MRE262 observed in presence of 24 mM KCIO4 
was considerably less than die MRE262 of the native HSA, it certainly showed the 
formation of tertiary structure close to native HSA in the presence of salt. 
(c) Intrinsic fluorescence 
Figure 22 shows tryptophan fluorescence emission spectra for native state at 
pH 7.0, acid-denatured state at pH 2.0 and acid-denatured state at pH 2.0 in the 
presence of 40 mM KCIO4. Acid denaturation of HSA caused a shift in the 
emission maxima from 340 nm to 328 nm, i.e. a blue shift of 12 nm and an increase 
in fluorescence intensity, suggesting that acidification of HSA placed the tryptophan 
residue in non-polar environment. Addition of 40 mM KCIO4 produced a red shift of 
6 nm in the emission maxima from 328 nm to 334 nm indicating the change in the 
environment of tryptophan residue from non-polar to polar. 
(d) Acrylamide quenching 
Results on the quenching of tryptophan fluorescence by acrylamide showed 
a decrease in the value of K„ (-3.5) for acid-denatured HSA in the presence of 40 
mM KCIO4 compared to the value (-4.0) obtained with acid-denatured HSA (data 
76 
100 
80 — 
40 I 
^ - » ^ ^ ' ' ^ b 
300 400 
Wavelength, nm 
Figure 22. Tiyptq)han fluorescence emission spectra of native 
HSA at pH 7.0 (curve 1), acid-denatured HSA at pH 2.0 (curve 
2) and acid-denatured HSA at pH 2.0 in the presence of 40 mM 
KCi04 (curve 3). The excitation wavelength was 280 nm. 
omitted for brevity) suggesting lesser accessibility of tryptophan residue for the 
quencher. Therefore, it appears that the lone tryptophan residue Trp214 of HSA is 
little more internalized in the presence of salt compared to acid-denatured HSA. 
(e) ANS binding 
Hydrophobic probe, ANS has been widely used for die characterization of 
molten globule state of proteins (Kuwajima, 1989). The acid-denatured state of HSA 
was found to have higiher afiOnity for ANS than the native state. Figure 23 shows ANS 
fluorescence emission q)ectra of native HSA at pH 7.0, acid-denatured HSA at pH 2.0 
and acid-denatured HSA in presence of 40 mM KCIO4. As can be seen, acid 
denaturation of HSA opened more hydrophobic regions of the protein making them 
available for ANS binding. Addition of KCIO4 to acid-denatured HSA caused a 
significant decrease in ANS binding suggesting ordering of the hydrophobic regions 
of die protein which produced a conformaticm close to tfie tertiary structure of protein. 
Contraiy to these results, earlier observations showed higher ANS binding in the 
anion-induced 'A' state (Fink et al, 1990; Le et al., 1996). 
Anion-induced transition: Conformational transition of acid-denatured HSA in the 
presence of various acids and salts was also studied by monitoring ANS fluorescence. 
Figures 24 and 25 show the effect of increasing concentrations of acids and salts 
req)ectively on die fluorescence intensity at 480 nm. All the acids and salts, induced 
a transition fixnn die acid-denatured state to the anion-induced state characterized by 
lower ANS binding. Among all the acids and salts studied, KjFeCCN)^  was found to 
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Figure 23. ANS fluorescence emission spectra of native HSA 
at pH 7.0 (curve 1), acid-denatured HSA at pH 2.0 (curve 3) and 
acid-denatured HSA at pH 2.0 in the presence of 40 mM KCIO4 
(curve 2). The excitation wavelength was 380 nm. 
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Figure 24. Acid-induced confonnational transitions of HSA studied at pH 2.0 by ANS 
fluorescence at 480 nm. Different acids used were: H2SO4 (O); HCIQ (Q ); HCl (A); 
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Figure 25. Salt-induced conformational transitions of HSA studied at pH 2.0 by ANS 
fluorescence at 480 nm. Different salts used were:Na2S04 (O); NaNO, (y) ; KSCN ( p ) ; 
KCIO4 (A); KCl (A); K3Fe(CN)« ( Q ) . and K4Fe(CN), (y ) . 
be most effective in inducing transition as reflected by the C„ value (Table 7). The 
effectiveness of various anions in inducing transition followed the series: ferricyanide 
> ferrocyanide > sulfate > trichloroacetate > tfiiocyanate > perchlorate > nitrate > 
trifluoroacetate > chloride. This series was consistent with flie series of anions in 
inducing transition as studied by ellipticity measurements at 222 nm. 
(f) Thermal transition 
Figure 26 shows the temperature-induced transition of HSA for the native state 
at pH 7.0, acid-denatured state at pH 2.0 and acid-denatured state at pH 2.0 in 
presence of 40 mM KCIO4. At pH 7.0, the transition was cooperative with no 
accumulation of intermediate state, whereas at pH 2.0, tihe protein lost cooperativity 
and the transition became a non-cooperative process. Addition of anions (40 mM 
KCIO4) at pH 2.0 induced cooperativity and the transition was characterized by the 
presence of an intermediate state in the 30-50°C temperature range which had 
abundant secondary structure similar to that at pH 2.0 and at 25°C in the absence of 
anions. These results indicated the stabilization of HSA at pH 2.0 by anions. 
Taken togetfier, these results suggest the refolding of acid-denatured HSA into 
a conformation which lies in between acid-denatured form and native form in the 
presence of various acids/salts as revealed by the increase in ellipticity at 208 nm and 
222 run in die far-UV region and 262 nm and 268 nm in the near-UV region, 
perturbation of tryptophan enviroimient from non]K)lar to polar region, decrease in 
ANS binding and the induction of cooperativity in the thermal transition. Although 
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Table 7 
Characteristics of acid / salt-induced transidon of acid- denatured 
HSA studied by ANS fluorescence 
Acid Q 7 Salt C^' 
(mM) (mM) 
K3Fe(CN)6 0.018 
K4Fe(CN)6 0.053 
Na2S04 4.3 
KSCN 12.0 
KCIO4 15.0 
NaNOj 35.0 
KCl 128.0 
' Calculated from ANS fluorescence value at 480 mn. 
H2S04 
TCA 
HCIO4 
HNO3 
TFA 
HCl 
4.6 
9.5 
15.5 
38.0 
73.0 
130.0 
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Figure 26. Temperature-induced transition ofnativeHSA at pH 7.0, 
acid-denatured HSA at pH 2.0 and acid-denatured HSA at pH 2.0 in 
the presence of 40 mM KCIO^ by measuring MRE at 222 nm. 
all acids and salts used in this study produced qualitatively similar effects but the 
magnitude of these effects varied from one salt to another. A comparison of the 
effects produced by acids and their correi^nding salts (like HCl and KCl; HCIO4 and 
KCIO4; H2SO4 and Na2S04) clearly su^ests fliat these effects produced by each pair 
are same, reflecting the importance of anions which are conmion in each pair. It 
seems reasonable too in view of the charged state (positively charged) of protein 
under low pH conditions. Further, a comparison of the effectiveness of anions used 
in diis study reveals that these differ maiicedly from each other in inducing the folded 
state and follow die electroselectivity series of anions towards anion-exchange resins 
in which selectivity is predominantly determined by the valency or net charge of the 
anions (Gregor, et al., 1955, Gjerde et al., 1980). Our results are in agreement with 
diis view except feirocyanide and fenicyanide in whichC„offerrocyanide (0.053 
mM) is larger than the C„ of fenicyanide (0.018 mM). Similar effect of ferrocyanide 
and ferricyanide has been observed earher by Goto et al. (1990) who described the 
net charge of ferrocyanide and ferricyanide at pH 2.0 as -2.3 and -3.0 respectively 
which is in agreement with the idea that the major determinant of the order is the net 
charge of the anion. 
hi order to see Ae difference in the number of anions bound between the two 
states (acid-denatured and anion-induced states). An, the data of Figures 19 and 20 
were transformed into log K^ and plotted versus log [anion] (Goto et al., 1990) and 
are shown in Figure 27. The values of An obtained from the slope of these plots are 
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Figure 27. Plot of In K^ versus In [anion] derived from Figures 
19 and 20. The symbols are similar as shown in Figures 19 and 
20. 
given in Table 8. This value varies from 2.1 to 4.1, suggesting that under the 
transition regions, near about 2 to 4 moles of anion are preferentially bound to the 
anion-induced state relative to the acid-denatured state. It appears diat binding of 
diese anions to positively charged acid-denatured state somehow decreases the free 
energy of folding of diis state to anion-induced state which seems reasonable due to 
the shielding effect of these anions in die intramolecular repulsive forces in the acid-
denatured state, manifesting other forces to favor the formation of anion-induced 
state. It ^ ould be noted diat the anion-induced state produced by the binding of these 
anions was not the same in all cases and differed from one another (see Figures 19, 
20, 24 & 25). This was in agreement with the previous study (Fink et al., 1997) in 
which three different anion-induced states of apomyoglobin were induced by acids 
/ salts. Although die different states induced by anions in our study have not been 
characterized, but diey certainly add towards the understanding of die folding of 
HSA. 
The anion-induced state of HSA at low pH had some similarity to the molten 
globule-like state at pH 2.0 showing die existence of a stable secondary structure with 
retention of some native like near-UV CD q)ectral characteristics, however some 
major differences were found when compared with other properties. The anion-
induced state showed a largely diminished ANS binding compared to die molten 
globule-like state at pH 2.0 and the near-UV CD spectrum showed a rise in signal. 
The temperature-induced transition of the anion-induced state showed cooperativity 
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Tables 
An* values for the acid / salt-induced transition of acid-denatured HSA 
studied by MRE measurements at 222 nm 
Acid An Salt An^^^  
KjFeCCNX 2.4 
K4Fe(CN), 3.1 
Na2S04 2.1 
KCIO4 4.0 
KCl 4.1 
Detennined from die slope values of the plots shown in Figure 27. 
H2S04 
TCA 
HCIO4 
TFA 
HCl 
2.1 
3.3 
4.0 
3.7 
4.1 
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and the presence of an intermediate state. ANS is known to bind to hydrophobic 
patches on proteins (Stiyer, 1965). Although in native state, ANS binding sites are 
buried deep in the protein interior, increased accessibility of ANS to tfiese sites in the 
molten globule state results from the looser packing of residues in tiiis form 
(Semisotnov et al., 1991). Our results showed that the ANS bmding to the partially 
folded HSA decreased with die increase in anion concentration which could be 
interpreted either as unfolding of die ANS binding site or an increased ordering of the 
tertiary structure making ANS binding sites more inaccessible. Since near-UV CD 
spectrum of the anion-induced state of HSA showed rise in signal suggesting ordering 
of die tertiary structure, therefore it may be concluded that the anion-induced partially 
folded state of HSA had characteristic close to that of the native state rather than that 
of the molten globule state at pH 2.0. 
Serum albumin contains diree domains, encompassing the complete sequence. 
Furflier studies are needed to check whether the phenomenon is exhibited by all the 
domains or is just localized in one or two domains. It has been shown in the past that 
on acid denaturation major changes occur in domain IE (Khan, 1986) without any 
alteration in domains I + n (Khan & Salahuddin, 1984). Also the tryptophan 
fluorescence quenching by aciylamide of the lone tryptophan residue, Tip214 which 
resides in domain II, ^owed no appreciable change in the two conformational states. 
Therefore it may be concluded that the anion-induced refolding of HSA can be 
attributed to domain m. 
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4. Urea-induced transition of HSA 
Figures 28, 29, 30 and 31 show the urea-induced denaturation of HSA as 
monitored by die measurement of MRE at 222 nm, intrinsic fluorescence at 340 nm 
after exciting the protein at 280 ran, tryptophan fluorescence at 340 nm after exciting 
die protein at 295 nm and ANS fluorescence at 470 nm after exciting the ANS-protein 
complex at 380 nm reflectively. Urea-induced denaturation of HSA was found to be 
a two step process with accumulation of an intermediate state at around 4.6 - 5.2 M 
urea concentration when monitored by ellipticity and intrinsic fluorescence 
measurements (Figures 28 & 29). On the other hand, transition from native to 
denatured state was found to be a single step process widi no intermediate state when 
studied by tryptophan fluorescence and ANS fluorescence measurements (Figures 30 
& 31). The denaturation was found to be completely reversible for all the transitions 
studied by different probes. Absence of intermediate in the later (Figures 30 & 31) 
indicated that neidier the environment of tryptophan residue was significantly affected 
nor accumulation of hydrophobic patches took place at that urea concentration where 
intermediate state was detected by MRE and intrinsic fluorescence measurements. 
Therefore, urea-induced denaturation may be approximated to a two step, three state 
transition and the mechanism for unfolding-refolding of HSA may be represented as: 
\n4iere N, I and D are tiie native, intermediate and denatured states respectively. The 
first transition (Figure 28) VMQYI corresponded to the transformation of N state to the 
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Figure 28. Urea-induced unfolding-refolding of HSA at pH 
7.0 as monitored by MRE measurements at 222 nm. Open 
and filled circles represent the points obtained in 
denaturation and renaturation experiments respectively. 
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Figure 29. Urea-induced unfolding-refolding of HSA at pH 7.0 as 
monitored by fluorescence intensity at 340 nm after excitation at 
280 nm. Open and filled circles represent the points obtained in 
denaturation and renaturation experiments respectively. 
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Figure 30. Urea-induced unfolding-refolding of HSA at pH 
7.0 as monitored by fluorescence intensity at 340 nm after 
excitation at 295 nm. The open and filled circles represent 
the points obtained in denaturation and renaturation 
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Figure 31. Urea-induced unfolding-refolding of HSA at pH 
7.0 as monitored by ANS fluorescence at 480 nm after 
excitation at 380 nm. The open and filled circles represent 
the points obtained in denaturation and renaturation 
experiments respectively. 
I state started at around 2 M urea and completed at 4.5 M urea concentration witii a 
midpoint occurring at 3.9 M urea. The intermediate state was stable in the urea 
concentration range 4.6-5.0 M and characterized by the presence of abundant 
secondary structure i.e. ~ 37% a-helix compared to 58% a-helix found in the N state 
as calculated fixHn the MRE value at 222 ran by the method of Chen et al. (1972). The 
second transition which corresponded to die unfolding of the I state, started at around 
5.2 M urea and finally tailed off to the D state at ~ 8.4 M urea with a midpoint 
occurring at ~ 6.6 M urea concentration. The transition, as monitored by fluorescence 
measurement by exciting the protein at 280 nm (Figure 29), also exhibited the 
formation of stable intermediate state around 4.8 - 5.2 M urea concentration. The 
midpoint for the first and second transitions occurred at 3.9 M and 6.65 M urea 
concentrations respectively. These results were similar to those obtained by MRE 
measurements. The environment of the tryptophan residue can be selectively 
investigated by exciting the protein at wavelengfli 295 nm or greater because at this 
wavelengA, the fluorescence emission is essentially due to tryptophan residue 
(Eftink, 1982). Figure 30 shows urea-induced denaturation of HSA by measuring the 
tryptophan fluorescence at 340 nm after exciting the protein at 295 imi. As can be 
seen, the transition is single step with no apparent intermediate state. The transition 
started at around 5.2 M urea and tailed off at 8.2 M urea with a midpoint occurring 
I 
at 6.45 M urea concentration. Since HSA contains only one tryptophan residue 
(Trp214) v/bich resides in domain n, changes in fluorescence intensity observed after 
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exciting the protein at 295 mn may be ascribed to the conformational changes in 
domain D. Thus, it can be inferred tiiat no changes occurred in domain II in the urea 
concentration range 0.0 - 5.0 M. Further, the changes in fluorescence intensity 
observed by exciting the protein at 280 imi as shown in Figure 29, in the urea 
concentration range 2.0^.6 M may be attributed to conformational changes in domain 
I and/or domain in. Therefore, it appears that formation of intermediate in tiie 
unfolding transition of serum albumin involves domain I and/or domain III. Absence 
of any spectral shift in the fluorescence spectra of HSA in between 0-4.0 M urea 
concentration has also been reported previously suggesting non-involvement of 
domain II in the conformational transition of HSA observed in this region by other 
probes (Tanaka et al., 1997). In a previous study. Khan et al. (1987) have shown the 
involvement of both domains n and III in tiie formation of intermediate based on 
their results on urea denaturation of bovine serum albumin (BSA) and its fragment 
containing domains II and HI. Taken together previous results as well as present 
investigation, it can be concluded that domain III is primarily responsible for 
intermediate formation in the unfolding transition of HSA. Involvement of domain II 
in the intermediate formation as ^ own in previous report based on denaturation study 
of the fragment containing domains II and HI is questionable since this fragment 
contained nicked peptide bond at two positions (Peters, 1980). Further, it is not 
certain from the previous study wiiether an excitation wavelength of 295 nm was used 
(Khan et al., 1987). ANS fluorescence data (Figure 31) showed no apparent 
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inteimediate state in urea-induced denaturation, reflecting the absence of 
accumulation of hydrophobic patches. This seems to be understandable in view of die 
more or less even distribution of nonpolar residues in different domains of the protein 
(Peters, 1985). 
AcrylanUde quenching: The e?q)Osure of the lone tryptophan residue, Trp214 
(located in domain 11) was examined by fluorescence quenching using neutral 
quencher, aciylamide (Eftink & Ghiron, 1982). Figure 32 shows Stem-Volmer plots 
for fluorescence quenching of HSA by acrylamide at different urea concentrations. 
Tryptophan analogue, NATA was also included as a standard for complete 
accessibility to Ae quencher. Values of Stem-Volmer constant (K^) fitted to the 
linear early part of die curves in Figure 32 are shown in Table 9. As can be seen, 
K^ value of HSA did not change significandy up to 5 M urea concentration 
suggesting litde conformational change in domain II of the protein. However, at 
higher urea concentrations (> 5.0 M), significant increase in K^ value was noticed 
indicating maiked conformational changes in domain n. These results also suggested 
that the conformational changes in HSA occurring at <5.0 M urea concentration may 
be attributed to domain 1 and/or domain IH whereas the changes at concentrations 
>5.0 M urea may be assigned to domain II. It must be noted that HSA in 10 M urea 
concentration herein protein was considered to exist in a random coil conformation 
contained some local regions, probably around Trp214, retaining residual structure 
as evident from die much higher K„ value of NATA than HSA in 10 M urea (Table 
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Figure 32. Stem-Volmer plots of acrylamide quenching for 
native HSA, in the absence and presence of different 
concentrations of urea, and NATA. 
9). This was in agreement with previous reports suggesting retention of native like 
secondary and/or tertiary structures within local regions in a random coil 
confonnation (Smith et al., 19%; Bierzynsld & Baldwin, 1982; Amir & Haas, 1988). 
5. Effea of salts on the urea-induced transition ofHSA 
(a) Effect of KCl 
In order to examine the role of salts in die ccxifonnational stability of HS A, we 
studied urea-induced denaturation of HS A in presence of different concentrations of 
KCl. Figure 33 shows the effect of increasing KCl concentration on the urea-induced 
transition of HSA at pH 7.0,25°C as followed by MRE measurements at 222 nm. As 
can be seen, HSA had undergone single step transition with no intermediate in tilie 
presence of 1.0 M KCl (Figure 33, curve 4) against two step transition observed in its 
absence (Figure 33, curve 1). Presence of KQ shifted the initial zone of denaturation 
curve towards higher urea concentration, thus abolishing the formation of 
intemiediate at highest KCl concentration (Figure 33, curves 1-4). In otfier words, salt 
was found to stabilize transition I which corresponded to the formation of 
intermediate state whereas the n transition which corre^)onded to the unfolding of 
the intemiediate state exhibited no change. In view of the involvement of domain in 
in the I transition, it can be inferred that salt ions stabilized domain HI which then 
unfolded in a cooperative manner with rest of the molecule. Urea denaturation curve 
shown in Figure 33 (curve 1) was normalized assuming two step transition by plotting 
Fi and FQ values, obtained by using equations (8) and (9) reiq)ectively against urea 
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Table 9 
Stern-Volmer constants of aciylamide 
quenching for HSA and NATA 
Subject 
Native HSA 
HSA in 5 M urea 
HSA in 7 M urea 
HSA in 10 M urea 
NATA 
K "^ 
6.0 
6.6 
8.8 
10.7 
20.3 
• K^values were calculated by linear least-squares 
fitting to Ae data of Figure 32. 
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Figure 33. Urea-induced unfolding of HSA at pH 7.0 as followed by MRE 
measurements at 222 nm in the absence and presence of diiferent concentrations 
of KCl: 1., 0.0 M; 2., 0.2 M; 3., 0.75 M; 4., 1.0 M. 
concentration (Figure 34) whereas curve 4 of Figure 33 was normalized assuming 
single step transition into Fj, values, using equation (6) against urea concentration 
(Figure 35). Assuming both the transitions shown in Figure 34 to follow two state 
mechanism, we calculated free ener©' of unfolding, AG, and AGu re^ctively, as a 
function of urea concentration, as described in equations (11) and (13). Similarly for 
the transition curve (Figure 35) in presence of 1.0 M KCl, values of AG^ were 
calculated using equation (7). A least squares analysis was used to fit the data to 
equation (14) to determine AGj"2°, AGp* and AGi5"2°(in presence of KCl), the 
free energy of unfolding in absence of urea. Value of AGp* represents the value 
obtained from extrapolation of AG ^  values upto the starting of the process, I ^  D. 
Figures 36 and 37 show the variation of AG as a frmction of urea concentration and 
Table 10 summarizes the AG "2° values under different conditions. AG," 2° and m 
values, obtained for the first transition (N ^  I), were 3490 cal/mol and 900 cal.mol' 
M"' of urea concentration respectively, whereas AGp*, the free energy change 
associated with I ^^  D transition was found to be 1400 cal/mol and m value 840 
cal.mor'.M"'. Free energy change associated with N ><* D transition in the absence of 
salt can be obtained by the summation of free energy change of the individual steps 
i.e. AGi"2° and AGD* (Ahmad & Ahmad, 1994) since AG ^ ° being a thermodynamic 
property does not depend on the path. The AGtoui^ s^  ie. the free energy change 
associated with tfie transformation of N state to I state and finally to D state, was 
calculated to be 4890 cal/mol. The AGD"2° and m values for N f* D transition in 
presence of 1.0 M KCl were calculated to be 5980 cal/mol and 1020 cal.mol'.M' 
respectively. The free energy of stabilization AAGD"2°, i.e. the free energy change 
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Figure 35. Normalized transition curve for urea-induced 
unfolding of HSA in the presence of 1 M KCl as followed 
by MRE measurements at 222 nm. 
08 
< 
1800 • 
1200 -
i:^ 600 -
o 
S 
0 
-600 -
-1200 • 
-1800 
4 6 
Urea (M) 
8 
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Figure 34. 
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Figure 37. Dependence of free energy change (AG)ofHSA 
as a function of urea concentration for the transition shown in 
Figure 35. 
Table 10 
Values of conformatioiial free energy for HSA using CD and 
fluorescence 
Probe 
(N-I) 
(cal/mol) 
H.O AGD* A G « J " 2 ° •AGI,"2° A A G L 
(I- D) Oi^l^ D) (N^ D) 
(cal/mol) (cal/mol) (cal/mol) (cal/mol) 
MRE222 3490 
Fluorescence'' 3400 
1400 
1400 
4890 
4800 
5980 
6000 
1090 
1200 
' Determined in the presence of 1 M KCl. 
^ Excitation and emission wavelengths were 280 and 340 nm respectively. 
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of unfolding of HSA in presence of KCl than in its absence, was found to be 
1090 cal/mol. These results suggested that KCl markedly stabilized HSA 
confonnation which seems to result mainly from the relative weak binding of anions 
and / or cations by die native folded confonnation of protein especially in the III 
domain. 
Similar effect of salt (KCl) was also noticed when the urea-induced transition 
of HSA was monitored by fluorescence measurements. Data were treated in the same 
way as described above. Figure 38 shows the normalized urea-induced transition 
curves obtained by plotting F, and F^ values for the first (N »* I) and second (I ** D) 
transitions (see Figure 29) against urea concentration. Figure 39 is dlie normalized 
transition curve obtained for the N '<^  D transition as determined in presence of 1 M 
KCl. Free energy change as a fimction of urea concentration for the above transitions 
is shown in Figures 40 and 41. AGi"2° and AGb* values for the first and second 
transitions were determined to be 3400 cal/mol and 1400 cal/mol respectively (Table 
10) whereas m values for the two transitions were 920 and 900 cal.mol'.M"' 
respectively. ^G^2°'wtis calculated to be 4800 cal/mol. The free energy change, 
AGD"2° for the transition (N^^ D) in presence of 1 M KCl was calculated to be 6000 
cal/mol and m value, 970 cal.mol'.M'. Therefore, AAG *^^  by fluorescence 
measurements was calculated to be 1200 cal/mol. These results also suggested that 
KCl increased the conformational stability of HSA to the same extent as determined 
by MRE measurements. 
Figure 42 shows the normalized transition curves of urea denaturation of HSA 
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Figure 42. Normalized transition curves for urea-induced 
unfolding of HSA in the absence and presence of 1.0 M KCl as 
followed by ANS fluorescence measurements at 480 nm after 
excitation at 380 nm. 
bolh in the absence as well as presence of 1 M KCl, obtained by plotting Fp against 
urea concentration, when studied by ANS binding. Alfliough both transition curves 
showed a single step transition, treatment of data for the calculation of free energy 
change as employed above seems to be erroneous in view of the binding of all three 
ligands (urea, KCl and ANS) to the protein and their competition with each other for 
binding (Kumar et al, 19%). But it is very much clear from tfie data fliat presence of 
KCl stabilized die protein against urea denaturation. 
(b) Effect of different salts 
In order to compare the stabilizing potential of different neutral salts, we 
studied the refolding behavior of HSA at 4.8 M urea, the concentration at which the 
intermediate (I) state exists, both by MRE measurements at 222 nm and intrinsic 
fluorescence measurements at 340 nm. Figure 43 shows the dependence of AMRE222. 
i.e., the difference in MRE 222 values at 4.8 M urea in the absence and presence of 
different salts (Na2S04, NaQO 4, KF, KBr and KCl), on molar salt concentration. As 
can be seen, all the salts used in this study, induced refolding. The extent of refolding 
by all salts studied, was found to be similar at higher salt concentrations (>1.0 Nf). 
However, the value of MRE222 obtained at this salt concentration (17900 
deg.cmldmol"') was 10% less than the MRE222 value obtained with native HSA. On 
the other hand, at lower salt concentration (< 0.7 M), tiie extent of refolding was 
found to be different with different salts. C„ values, as determined from Figure 43, 
for different salts are given in Table 11. The relative effectiveness of variuos salts in 
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Figure 43. Salt-induced conformational transitions of HSA 
studied at 4.8 M urea concentration by measuring MRE 
at 222 nm. 
Table]] 
Anion-induced refolding of urea-denatured HSA 
Salt 
NaC104 
NaSCN 
Na2S04 
KBr 
KCl 
KF 
" Calculated from the data of Figure 43. 
'' Calculated from the data of Figure 44. 
MRE222' 
100 
~ 
390 
460 
520 
560 
C„ value (mM) 
Fluorescence'' 
62.5 
155 
360 
490 
610 
640 
116 
inducing refolding of HSA followed the series: 
NaC104 > Na2S04 > KBr > KCl > KF 
Comparing the effect of various potassium salts (KBr, KCl and KF) on the 
refolding process of HSA, it may be suggested that tiie extent of refolding of protein 
is maikedly influenced by die nature of anions present in die medium. At 0.2 M salt 
concentration, ANfRE^ Qvalues obtained were 400, 600 and 800 deg.cm^.dmor' with 
KF, KCl and KBr respectively. On the other hand, bodi KCl and NaCl induced the 
refolding of HSA in a similar manner (data not shown). This suggested that anions 
play an important role in &e stabilization of HSA. Figure 44 shows the effect of 
different salts, viz, NazSO* NaSCN, NaClO^ KF, KBr and KCl on the refolding 
behavior of HSA at 4.8 M urea as monitored by fluorescence at 340 nm. All the salts 
used were found to induce refolding as revealed by the increase in relative 
fluorescence intensity at 340 nm on increasing the salt concentration. At higher salt 
concentration (>1.0 M), the extent of refolding by all salts was similar. However, at 
lower salt concentration (< 0.5 M), the extent of refolding varied among different 
salts (Figure 44). Comparing the C„ values (Table 11), the relative effectiveness of 
varoius salts in inducing refolding followed the series: 
NaC104 > NaSCN > Na2S04 > KBr > KCl > KF 
This series was similar to die one obtained with MRE measurements at 222 
nm. NaSCN which could not be studied by MRE measurements due to higji noise in 
the far-UV region, occupied die position in between NaC104 and Na2S04. 
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Figure 44. Salt-induced conformational transitions of HSA 
studied at 4.8 M urea concentration by measuring intrinsic 
fluorescence at 340 nm after excitation at 280 nm. 
The order of effectiveness by which different salts stabilize tfie protein 
molecule generally follows Hofineister series (von Hippel & Schleich, 1969) which 
is believed to occur through the modification of water structure (Collins & 
Washabaugh, 1985). The Hofineister series is as follows: 
sulfate > phosphate > fluoride > chloride > bromide > iodide > 
perchlorate > fliiocyanate 
Kosmotropic anions i.e. anions to the left of chloride in the above series, are believed 
to stabilize the native structure of the protein molecule by causing preferential 
hydration of proteins i.e. preferential exclusion of kosmotropes fi-om the protein 
surface(Arakawa & TimasheflF, 1982) whereas the chaotropic or lyotropic anions i.e. 
anions to tiie right of chloride destabilize the protein structure by preferentially 
interacting with the protein (Lee & Timasheff, 1974). The above series for HSA as 
determined in this study did not obey this general rule and followed tiie opposite 
order of the Hofineister series. Thus it may be inferred that effect of salts on water 
structure is not responsible for the stabilization of HSA molecule. The above series 
for HSA was found similar to the electroselectivity series of anions towards anion 
exchange resins, which is as follows (Gregor et al, 1955): 
perchlorate > iodide > trichloroacetate > diiocyanate > nitrate > bromide > 
trifluoroacetate > chloride > acetate > fluoride 
The relative effectiveness of various sodium salts in increasing the 
thermostability of BSA was also found to follow the same order as observed in this 
119 
study (E)amodaraii, 1989). Since chaotropic anions interact more preferentially with 
protein molecules and less favourably with the surrounding water in comparison to 
kosmotropic anicms which interact less favourably with the protein molecules and 
more favourably with the surrounding water molecules, it seems likely that former 
stabilizes unfolded conformation whereas later favours folding of protein. If anion-
induced refolding observed in diis stu^ resulted from the changes in water structure, 
it should follow Hofineister series. However, electroselectivity series was found to 
be followed by different anions used in this study which is based on valency, charge 
and effective size of anions than hydration. It is therefore, concluded that the 
electrostatic binding of anions to the positively charged sites of HSA is the major 
factor re^nsible for the anion-induced conformational stabilization. 
6. GdnHa-uubiced transition of HSA 
Unfolding of HSA was also studied using GdnHCl as a denaturant. The 
transition was found to follow a smgle step two state transition, as monitored by MRE 
measurements at 222 nm. Figure 45 shows tihe normalized transition curve of HSA 
as a functicm of GdnHCl concentration whereas dependence of free energy change on 
denaturant concentration is depicted in Figure 46. The free energy of unfolding, 
AGD"2° and m value were calculated to be 5870 cal/mol and 1995 cal.m"6l M 
respectively. This value of free energy of unfolding (5870 cal/mol) was found be 
similar to the value obtained with urea denaturation curve in presence of 1.0 M KCl 
(5980 calAnol) and higher than the value (4890 cal/mol) obtained in its absence (see 
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the transition shown in Figure 45. 
Table 10). GdnHCl is considered to be a much stronger denaturant tiian urea (Pace, 
1990) although the relative effectiveness of two denaturants depends on die nature of 
protein (Greene & Pace, 1974). Both urea and GdnHCl are presumed to bind to 
peptide bonds (Robinson & Jencks, 1%5; Roseman & Jencks, 1975). Since Aere are 
greater number of non-interacting binding sites on the unfolded conformation than 
folded conformation, the protein unfolds and more sites are ejqrased to die denaturant 
molecules (Pace, 1986; Mayo & Baldwin, 1993;). In comparison to urea, GdnHCl 
gave a higher estimate of free energy change, AGD"2° as found in this study. The 
difference in the estimate of free ener^ change may be attributed to die ionic 
property of GdnHCl. Earher studies on coiled coils (Monero et al., 1994) suggested 
that GdnHCl cannot distinguish the contribution of electrostatic interactions to the 
{R-oteins which were otherwise effectively monitored by urea. GdnHCl being a salt, 
iomzes in aqueous solution to Gdn^  and CI' ions which dien mask the positively and 
negatively charged amino acid side chains of the protein hence reducing or 
completely eliminating any stabilizing or destabilizing electrostatic interactions. 
Therefore, it may be suggested tiiat the difference in the estimate of free energy of 
unfolding by urea and GdnHCl, depends on the nature of electrostatic interactions 
stabilizing the protein. This also explains that urea-induced transition is a two step 
process whereas GdnHCl-induced denaturation is single step as GdnHCl plays a dual 
role bodi as a stabilizer and a denaturant (Arakawa & Timasheff, 1984). Similar type 
of denaturation curves in urea and GdnHCl have been observed earlier with other 
123 
proteins (Jaenicke, 1996). 
HSA owing to its ligand binding properties is widely used as a dierapeutic 
agent. In 1992, its market value touched $ 1.1 billion (Peters, 1996). The overall 
distribution, metabolism and efiGcacy of many drugs can be altered based on their 
affinity to serum albumin (Carter & Ho, 1994). Our results suggested diat 
construction of anion binding sites on the surface of native HSA through recombinant 
DNA technology would provide means for a protein with higher conformational 
stabiUty and diis together with complete understanding of albumin structure would 
open avenues for drug design and therq)y. 
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